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3 16, ftfAcfefASf 3 17, ^ l-^'^S 1 8, 

7.-r> L'7,fc^3 1 9£^LTH2*f 3 o nc^^n 

[0 13 3] /£iJ, «tftSBtt«rff >^x.S<cb, Kftiltft 

,;f 3 l 7 t/;f^^ n — — K/u * ^/l-:/ LX t>& 

[0134] .^yU^fidf 3 1 9H, ££tf 30 lrt 

■ C > T 7 -K3i4i«^Ti^ ::<z)fc 

[0 13 5] fc*5, v/t7--^yK3 1 4£ffil^$r 
<hfl*#^XMl*1CXil^<. timi/7>k!&&{t2ti 

[0 13 6] Kff 3 3 Ofc^L-Cart*£*#* (t**« 
fca!K*#;*iJtf&«l*ia*-fr1") &£3 0 4<7>mL 
AJx*ofctf>tc*21f3 0 IfiSrA^Ei-ML^ 1 ?, ft » 

LX*£tt3 0 l ft<»]£ft*W&'ttt*>^ft 

tofi^lcifiLXk&iv 

[0137]M3 3 0lt * H^*^ 3 3 1 , 
fffttf£ft3t3 3 2. 3 3 3 

4 £fr LX*£tf3 0 1 C«tt$iXt^6o 

[0 13 8] 7ryW^M^p 3 0 3^^ : 
H, ^3 3 5 («t Kft+#*«0M&fflfc 3 3 5 t 

u ainfl«% 3 3 5' tietf-r*) ^ti^tn-rfco, 


[0139] &&£f*£ 3 0 3 {ltt)mM<r>**MXfrZ 
->--* • t-*-3 3 6 ^S^t^O (fft^W*:*) 
ftWJlUd**-**) , -W->-* • t-^-3 3 6T« 
3 0 4 £tfrStf>fiJ£i-f>0*H~2> r t ri>X*£ So 

[0140] &£ff 3 0 1 a)5Sffili-S«iel-fco-C*3 
*K ^ffi^^-T6/cy)C0^3 4 1 £r&fi#3 4 2# 
«x.M»tbKX^6 (|«¥<Z>fca&*»ttEI^H*) - * 
££^16-011*5*3 0 1 <Dg£ll8 OtIC Lfc. 

[0141] WT, HlB<B»fttw<Do t ot*»« 

[0 14 2] *1\ *2ft3 0 l $rmi:lLt, £ 
«3 0 4*£«£«ffc3 0 3fc*-fr6 a *2«f3 

0 lflDBtiy-h • /Vw^^^LX*5l-t/t^«^^ 
jfttt, h * T — A£fflV^XgtbX&®£rlfci£ LX 

[0 14 3] #ftn 3 0 2 «:^LTSit*2**"C*2 

H3 0 1^^tio -Ot^cOPlit*^!!, IX 

1 0' 7 To r r £ 9 ft*£i 1"So 

[0 14 4] !^|:fflf 3 3 5a><b*Hf 3 3 5' icft£(lt 
/cE#^^$r^US«3 0 4$rftSi-f6 o SS^o3 

0 3<ofi*»l«*a-i 0 0-2 5t^S9:£U r^t^ 

[0 14 5] &&£^^^fi£^££t^£«£2£ 

LfcSfe, TMS0)«ft«:IH»raltft«ftit3 1 7 «:« 

iai - 1 0 0 c m 3 /m i niC&£U ^ h y-f "*>>V 
^3 16, 3 1 8£R8lCLXTMS£*£tf 3 0 1 F*S(' 

[0146] $ bi-, Sfc^coKStftttit 3 0 1 $r 1 - 

1 0 0 0 cm 3 /m t n 

0 6, 3 0 8*MlwL-C**#*&*£*3 0 1 rtti# 

[0 14 7] :<Z)^, 1^3 0 1 fWE^Il. 
q 3 0 2^D^>'y^^5'>'^^E^^'-i:^-^ , ?^ ^R^ 1 
0mTorr-5 0 0Tor r £ ^ 4: So ^ 

OrtKtt, TMSM2mTorr-200Tor r, 
2mTorr-400Torr X*?S„ 

[0 14 8] H*Stt*A^Lfeft, 
ttfcl 0 OWa t t-5 kWa t tffl/)QL. 

[0149] **5, *nte^texn, s^/sti^^n^ 

^^7.^*5*3 0 1 tl!HALfc#£lCO^X!ei£L 
^(7)^11, ^XCLX^i-Ct'll^^t^^^X, 'A: 

^{t:-t-6ix^mi^>r/^('StLX^^x, $^(bt^ 

^X*5* 3 0 1 F^SI^^A Ufcli 5 J^tettfc^ttK^W 

[0150] ritW^tiTiiek^i^^^W-cff^^fc. 

[0 15 1] i-f, -7^^P^«7^^a5^$r^ , 0, 
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[ . . ] V." ' : ' • ' ^ 7 :i 'J h. a 1 * * !V) 

!■) 1 '* ] cV.IIMm 'i ;j 5 ^3 3 5' i:^lt 

(O 1 5 4 J SC£/fl(Off 3 2£ 1 

^ 1 O i ,/m i n tl£t& U V y~7 • '</\s73 3 1 , 
3 3 3 *rl1Hc:LT3£##;*£«ft 3 3 4frhKQ&3 0 
UNi'^AU l^fll3 0 1 ^^l5l£^lEU£Cifi^I£>3 

[01551 &&f~, j£t'??W3 0 1 F^£A1aJ£lCjILT 

[o 15 6] ^■i;teF.!e<7'^7iiiiiioT. basii^-fJ; 

[0 15 71 :> UTMLfco *1\ % 

f (-fLid.ro ^ff V 3>Stfi4 0 l _h(-#t& 

<L> = ✓ fcfUHM 0 2 1 * mffMU ^±ll± 
^*T-irfl^i A I £&fii!l&4 0 3 t/i5AI-l % 

Si-O. 5%CuMS A \££1&£tyJ&) 

L , A i ■2-&frl#.4 0 3 ^rff'^L/l (0 5 ( a ) ) c A 
I iMfcfi£#4 0 3li»(KfLv'y =«>gfc{fclR4 0 2I1JM 
(=>> *^ ^^LTiife^^tC 

[01581 * <7>*ffi4 0 1 £3feC:^Lfcll2«3 0 1 
rteo£fc£tf£3 0 3l;igftEU Lfc^Aiilfto 
T^4 0 5^ff^t^ (H5 (b) ) o 

[01591 fiJClWifeffli, (flx.!*, TMSi^ft2 Ocm 

fe«l2 0 0 cm 5 / 
0. 2Torr ( v/f ^ n&fc;fj 2 0 OWa t t , 
M-3 0t, Jf»o#IB]2#-C*>5 0 

[0 160] ?$4 0 4 TC0|fe^]l$4 0 5 Olt 

1 (SEM) 

05 (b) (^-ri^t-is-c^^isnr^y^ja^b 

jS±SJ: 9fcffMKT\ *fe»IK4 0 5 Jifll4 0 4 
itf^U id»4 O4W(-Jf50£^tLtlfe»IR4 0 St^SKi 

[ 0 1 6 1 J ^{'ifi^tOf- h7 'Xht*-/">7> 

(TEOS) <tfK££ffl^T, Wr^&fl^T^^C 
V D^g£T-S i 02 &4 0 6 «:«iaO. 
Ltz (0 5 (c) ) 0 

[0162] i 02 4 0 6i:A 1 3*&&&4 0 


3 (^7;^/b) ^?LL/;^. 2J3 

jfiiL.X^«/£tt^flil«i«r*S{k:1-5o *fet*HS4 o 5ii 

[0163] xn&Mi&<DftWLn s ( b ) d^-r <t 

A I ^ia«4 0 3±tCitiatfclfe**4 0 5^) 
tflt4 0 4rttClt8lLfe|fe«IBl4 0 5 b <h 

«/^:^m 0 r**?*,, *4 0 4f^tcii«^6 

>fe|*^4 0 5 0/?^b(7)^A 1 ^GD14 0 3±ilit 
«Lfclfe*]R4 0 5co)Rff a ^^Vn 0 
[0 16 4] 06tr, JKff a <»rKlf bi:<DBa^$r^-r o 
<t 9 mi 0 4 $ *-c<7>IWii, 

s^. x r*^^n6fit»-ete^iK4 o 5coiifii$rffih-r 

5^:, 14 0 5f^l*lil£|fef|:l&4 0 5 Til^iiiix^ 
7ii. A I ^E»4 o 3 J:l-^i^^i:^^:•^fe»l!g4 o 5« 

[0165] 05(1*4, A 1 £&K#4 0 3cO±ffill^ 

&&m<n&miti<> y = >-Kib)K4 o 2 ±cD^tc^$ 

tl, A 1 £&gd#4 0 3©±ffiia*£<ff$|*3ftfc^,fc 
[0166] ^^lli£^fi^*fe^4 0 5 l4ttSim*#jg 

[0 16 7] ifc, rOtfe^4 0 511. ttSSr^Ofc 

*>y =>»fl:llll iritis LTIfeb^\ :*iii:w«ft 
»«S4 0 5Olt3r-ct*>9S3f-ct*>5o *^Wm«tt 

<©ife«JH[4 o 5«*p>^^*^fc-f, fRJt/jtiteia-r 

[0 16 8] *&M^t©lt<0IgT^8^ 

4C5 0 will is@<£a i £&&.mm<n3Lmztem 

^a i ^R^asw-r^ hn v y 
[0 16 9] -tntc^LT, *«6^«(cJ:*ili. 

^^*fe»)W4 0 5I4A I ^^id^r-liCitC^^L, A I 

jR4 oe^ttti: tti^So Hieii. **b^^lfett 

IK 4 0 5#a 1 ^AIBtld»±(lfc*>5l±i-C*)5^. * 

7'7X7cvD^iais i ce mx-hztz*>, &<nr. 

[0 17 0] >fc*3, ^^te^^T'li, TMS k&M(T)ti\ 
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- ■ f - ' ^ ':'< i- L *- fiffl - ■> - t 'I'M sa 

- , - ^ , : r- T v ^ (Si (C ) 

■ •■ - y M . , v ' S . fOC i H ) I ) . 

- • • : ; . y > I 'Si ( O ( 2 i 1 5 ) A ) , * 
> - . „ . - - — 1- t S i J O (C Hi ) 6 ) . t V 

, * . 1 ' . (Si ( i -C 3 H7 ) A ) t£ 

~ zi * ■;■ > v:^)H^t ^r«1<*</J0I*^*>o/t 8 

£ , * > > > , 7x-/^ h 'J >f /I^V7^, >' 7 x — 

[o 1 7 1 1 £ h\-. 'P*< t h&ZTiX&MJ&m+k 

ix^oitftlht lxcq kjwm, c 

O, C02 . NO, N2 O, N02 , H2 O, H2 02 
[0 17 2] (£4^£*feff$f§) 0 711, *£Hfl>3B4 

[0 17 31 tf, H7 (a) (1.^1- ">y 3^ 

5 0 l hill*-* I u m(7)^Kib-> IJ = ^Bfcffc:l8 5 0 

■j -tff; f&U lH*T-A I ££i£»5 03i:#6!¥£0. 

^ £fi]^T'**-~>/U A I £&§a$5 0 3 
[0 17 4] 0^, 5 0 4HKIWBI^**r^LT 

o iM^f«£ft/t£*sfl. <^0^) zfri-xisv^ 
:. p<5o i ii^fijt^n^^ f (*®*) i^tt^ 

[0 1 7 5] MCy'J = >£4£5 0 1 3 
^LfcT^l-ftoT* 07 (b) iZTp-fXHZ* flfeft 
^5 0 5 $:Mt5o fc£U fRRikmts TMSSt* 

U 0 c m 3 / m i n t K^i^ft 1 0 0 c n? /m i n % 
IF. J) 0. 2Torr, 5 0 OWa t t , 

[0 17 6] -^«t9l-ffl»ttl-**7i?*/K^*±L, 
^l^RtI+6t, 0 7 (b) 

^■n^iRtrt. TMS»i#P- Cfc*U«*«£fta> 

6, 

[oi7 7] ( s em) -zmmLftte 

[m10 Cb) ('^-r<t')iC x tfe»IR5 0 SOTHIJSli, 
^5 0 4(7}t£<tfie&5 0 3±tT«l^i:fcof: 0 
[0178] 4^1£^te<7mftl^ * 5 0 4 OK t A 1 
^&fid# 5 0 3 ±Klil£fi-<0lKJ?tf>lfe&IK 5 0 5 7S^ 
^$nr^6wtA s *WCIi^<. Al^fi»5 0 3 


teffltC^WWI 5 0 5 XW£A,ti\l o &&\t\ 
[0 I 7 9] fclC*21fiA»lb©9aiLfct*. 07 (c) 

£#■10. 5—1. 0 /i mCOS i CC ^5 0 6 

0. 6,imlt«l^, ^7X-7CVD&tSiaK 

5 0 6£MrfLLXi>&\<\ 

[0 18 0] Z<D'ik. ig^O^r&iC^oT, ±®A 1 K 

0 3t-*ti-5 = h*-^$rnil?LUfc*, ±IA1 
£&E&<t#5ff£0. 4-1. 0/imtf)Al£&&£ 

[oi8i] ^yx-rcvDm^z'omzQ. 

5-1. Ofim^S i 02 BS^fiRUfctt, KfeffJ 

fiJt-t2) 0 

[0182] ux»f>ixfc^**Siai 

[0183] rtlH, A 1 ^^K^ 5 0 3 (C«ttr?)lft 

7XvC VD^T*?fML7tS i Ce 01 5 0 6 

* b l^^^^^"CV^"CtjA 1 ^^S1^5 0 3U^5«i 

[0 18 4] *0IJt^l6T*(i, A 1 £&&#5 0 3±iC 
t>mtsO. 1-0. 5 u m<D&W-<OlkUM5 0 5 $rffM 
Lfcrt3ft5«»-C*>5. -ftetoh. Al^fi«503 

[0 18 5] -o.t^^ffiit^^^wticJ:'?, JfetllK 

5 0 5ll^7X7CVD&TMUS iai50 
[0 18 6] tfc, SfS&&5S££Tfcl*fc5 0 5lCL 

[0 18 7] LCDWlftttT, A I ^^fid»^±T('T 

[o i s 8] rmm^9))LtzA \ R+n* t^w^a 
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1, j c ■ hv, ■■ .1 ,< " ) 

[ ! - * ] : t r: / 7 > L < litfcc L, 

*- •', ' 

i, L , *:0^^t£WA5 5 0 5 TAI 
#tii]y)«>;H^»;t, , il^^Tt!E*^A,T-Li 3 fc* r (DR. 
n / ^Amil*K ^6 r U>U 

c/)S i 02 15 5 0 6tffii^i, it n s/*»tt<b$£ffc 
(0191] (15 5 W^feJfJte) S 9 It *%W<D% 5 

|0 l 92] (d) ii, ^£-&^f£^&£7j£(~ J: 
oT^on^f^ra^ILTl^o 70 1 

it, f-'/XHSix, ^-f^ffM^ivAi^y 3>Sfi*r^ 

tens 7 o 2 ^f&£n-c^6o =^flftftR7 o 

2 tilil, /fr^'^-^&i&n 0 31 , 7 0 32, 7 
U:i3 :lW^T^5 e Zixhf£$k7 0 31 . 7 0 3 

2, 7033 it ->y =i>»{b«i7 o 2Cff#fiJc*nfcia 

10 19 3 1 Zft*bfc«l7 0 31 , 7 0 32, 7 0 33 
It. *«ffl«*fel*IK 7 0 4 (C<fc «9fl^HT^6 0 IfettB 
7 0 4 ±<Cli&#7 0 5#Jtffi)t£ix-C*3 9 « - tf>Sd$l 
7 0 711, &&&7 0 4[CffM£*V/itg^?L (?-fT* 
-/lO 7 0 6 £/TLT, E»7 0 32 i:«ttLTl^„ 
ftd& 7031, 7032, 7033, 705 C9#$-lt 
W*.I2\ T/^ ~VJ*-&M 1 %-«0. 5%£&T*> 

6 0 0*. 60 mH£«&^L-C*39. r(r)H^«6 

il££Jfli2x 1 0" 7 To r rtJtlt*)5c tf^^ISl* 
ffi ¥- c0 ^ H /t t T ^ v N o 
[0 19 5] S$iff6 0 lrtldlt 

>&&6 0 4 A5Ka$ixTV^6o 
{0 19 6] K£t#6 0 licit &fi#*£t££-f 

^J;(//'->^^$rWt6fidf 6 0 5, TMS&ait 


6 3 O^-til-t'^^lff 6 0 1 (Cf£*££nT^S 0 ftdt 

[0 1 9 7 1 #i^^^«t6&lf 6 0 5 (ffi^/c 

6 1 ~6 0 69 to X lfi-?*7 n — =i yhn- 76 0 71 
-6 0 79 feixT^Sc 

(0 19 81 fc^6 0 5 ft ✓ 6 0 8, T $ } 
> h6 0 9 ^Ltt7 7 6 1 1 I:^^TJ3 
9, ;<Dt77>ftf6 1 H17^-yf->>h6 1 2$r 
ftlXnQft 6 0 ii:»ft$ntt^, 

[01991 tfc, 6^6 0 5lt /</W^6 5 1, 6 5 
2fe^LT^"V r 'f>r-tF 6 5 3tffctt£iXTV*S 8 *W 
£ffl^£PSiCft v</W^6 0 8^WC. 
:/6 5 1 ^LTt/t^ if 6 5 3fc:«»U 
£*r-*-S#*£'Vu^6 5 2 £ftl,X&. t &G 0 5 

[0 2 0 0] a-i/-**>f¥6 4 3 L 

Tit &£#*<t£&#*c7)f££#;*, 

[0 2 0 1 1 t77^ff 6 1 1 Wifc + iCH^ ;7o& 

(It ^ dKWJsJ:^^ ^ a & 

[0202] if^ 7^^*1=6 1 1 (Dj&m\^ ^P^f-iiiil 

[0 2 0 3] TMS^t6/;**f 6 1 5 (fffi£ 

— zj> 1 7, /</U^6 18, X7>^ 

^gdt6 1 9£?>LT*£*i6 0 1 CM^tit^5 0 
v^7o- =3^hn— 76 1 7*i, tt^?^^itl9S7i : T* 

[0 2 0 4] £^6 3 0^7>UT$|-rM^7y^ (flR^(7? 

fc*s*^^««isirtia^*i") s^6 0 4^ybt 
^^7tfi^6 o 4£D^g J t$:^^£*x*M-r^^-^-^^^^« , ] 

co^ie^BW^r LT, 3S^ffi6 0 l^^J£7^$rM«-r6 

[0 2 0 5] 6 3 OH. ^^7^6 3 1, 

7 D -2y^p-7 6 3 2 x ^^7^6 3 3, Ef 634 
£7>LTl*£tf 6 0 1 i:#^nTV>i 0 

[0 2 06] 7ryU7|!(DM^6 0 3^i: 
It &&#£flfflcOtff 6 3 5, 6 3 5 ' (ttffCltfH 
^W«j&(W«:6 3 5 t aiPfl«*6 3 5' irldi^-t 


:i 7 7 8 5 


[ , j 7 1 Jeff xr m <> :i ,'_ t -J;iiW)n ^w^x-^^ 

» , ,f U w u . a ? ^f,oi^'j)^/7 fcf£^> tfi £ 
[ o ^ (j y ] 6 o i cDf*)Sr»iai. *&&K£^i£iSf$ 

SbtLX.&&2. 6-3. 3 y mCO^^iS, Sil: 
I 4 2-3 0 8 nmOm^mm. &&<D 

Kl^i'ixfc. a^fc^^o Zii<bO)fc8i6 5 5*5* 
r/-v>f ^ n£&'J:fflttte6 5 6H ^Sfe-Cfflt^-Cbft^ 

[021 1 ] *1\ H^«6 0 1 fcXI&JEHMLT* & 

&e o 4Z&m5.ttt;6 o 3±(i«£(s.-ra 0 rrosg, S 

^tt{)fil\ &&2 0 4J*, ^1^11*09 (a) 

^.f^il-Sfia» 7 0 31 - 7 0 33 tfB&ZiXtZ&fol: 

[0 2 1 2 ] fcUWSin 6 0 2 ^ LXmm&Qfc*'? 

1 < 1 0"'T o r r X >9 faKQt'fZo 
[0 2 13] M:«f6 3 5^b« < B c 2 3 5' (C##L 
fi$3?#7£tfcU S©2 0 4 £#ijH-3c 
6 0 3«^ll^-l0 0-2 5tmi, Z.<Ot 

[0 2 141 fi&affi^3fS^ia«(^^Lfc^*:*» 

L AcSL TMSfflC0v^7o-^y 6 1 7 

i3l-l00cm 3 /min 

6 1 8£ffiC:LTTMS£K£tf 6 0 1 fil^A^S, 

[0215] $ biz., (oe ) ffl^«ftSftl^6 0 

77 £l — iOOOcm 3 /m i n (Cgi^U 6 
0 67, eOSfclJUKLT, i*mW»6 0lrt 
fc*A+6o 

[0 2 16] r<Ot£, 0 lfl<Z>r£/Jtt, 

0mTorr-500Tor r Z Z\ k &XZ Z 
0jft&n* TMS^fE2-2 0 0Torr. fi££^f£ 2 
^4 0 0Tor r X'fobc 
[0 2 17] ^('KH^ft^^tfcm, /Amm«6 1 
OCv^p^^I 00-5 0 0 0WWL, 
&*?<D^*naKtt«fc«££i*\ 09 (b) 11^1" J: 
Hi^7XvtTMS fctf>&££fiJttlri»bfc5lfc 


7 0 4 £ftd#7 0 31 - 7 0 33 •) <fc 5 U 

[0 2 18] mu<vte7nfc0)£ o Utt-xtfrteilto 

[0219] f-f, V n j£ft*j<£>iii£l£:9)9 , 

[0 2 2 0] ^^W6 16, 6 1 8 fcPflU LT TM 
S0>&£fcf*itLfcffc, '</^6 0 67 , 6 0 8$rWt- 

[0 2 2 1 ] &i'«£6 3 5^6^16 3 5' (CjfcLT 

I0 2 2 2] Z<Dk£, &%m<D'RmWLm#6 3 24:1 
^10 1/mini:»£U ^6 3 1, 6 3 3*rf8 
d Ltlf^^ £E* 6 3 4 Ti^K^ffi 6 0 1 rtiCWA. 

[0 2 2 3] ftftlw, J*£«6 0 lrt«r^l£(CSL-C 
&&6 0 4£&9tiiU ^KCJ&i:X^<7)fi«*XIS^ 

^^6 0 3^358^^0 r*i-Ci@^lfe»K^fi!tl«Xli 

[0 2 2 4] ±£|fcfttt7 0 4©ric«fc*3^-C. 
/ift^/i^P-fe^ftfrli, TMSiftft2 0c 

m 3 /m i n, fc*#*i!ttft2 OOcnJ/min, Jt 

2 00W, o'C-CfoO, r^irt, te^fH 

3 0 1 0>*ftii&l*ffiO. 5(im/mint*>5. 
[0 2 2 5] Wf^4 0 5)i: 

IlilOOOOcp^ltfc^ t*>"try 

[0226] ft(cea9 (c) tc^-r<t9i-, sa&7 0 3 

2 I'^i"^ *j4TtS—fl'l 0 6 £lfel*IR7 0 4 C^?Lt 

td&. mix. ejLTiwaw-rs^(^o-cife»«i7o 

4co^®ia^^^^^^^$riS^^t-^<*^^o 
[0 2 2 7] SS7 0 4 $rSt/® 8 tC^-T^t^ 

k^«6 o i F^t-saa-f 6o 

[0 2 2 8] ^7o-3^o-76 
0 76 r> l50cn?/mini:S 
|U /<^6 0 66 $rWtt, 1 01C2 0 0 

JE^7^^|[51f 6 0 1 rtlwiSJA-t"* 1 1 t>(w. 

7 0 4 ^ t _^ 6 3 6 iaot^^30 oti:ttif» 

1 o^raiwr^o s^ieo 1 fn^[£ 

1 To r rit5 0 
[0 2 2 9] fc(C««7 0 4 Sr*a-t-6fc*iw, «ff 6 

3 5A>f>fBf6 3 5' tiS*^€r*i"i: t -t*<^ 

tI31«*Ottf^»Cj:'9E ( ff 6 3 4^^1l?^^^ll^ 6 
7 0 4£K£$f6 0 1 (^^tbBSlOait*. 


I 1 1 J 
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ie ; ii '0 ;u^:, t, 1 ,:^ v i o o o o c p a 1. £ 

[ u - :i I ] Wisil, W9 (d) u-r-tJ: ')(:, ^7 
:.- 7 o f> /j|ftiin^fc»7 0 &£'M'i3Wtitf<t*Q ! m. 
-?tfL*L**:&. &K&7 0 4 ht^ftd»7 0 5 cfiS&m 

I.Lt. fci»7 0 32 C'.1S5lW(C««c-r^K«7 0 5*: 

1 0 2 3 2 ] ut&^tz*%mm<7)*&^£>)te&£ 

nfc^^«l««Wrffi«r«S*^«»« (SEM) ic 

[0233] *<7>fc*, A'^ifejfrti^^MKt^iiii, ® 

9 (d) t&&&7 0 4 <nM#\t* ± 

W£ifa"*3 J:^^ T^-fr 7 0 6 toflllS 

Jitf?* T*-/U7 0 6OflWSI^<b«Eia0. 0 5 u m<D 
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Abstract 
Task 

To provide an interlayer insulation film with high step coverage, a low dielectnc constant 
and low moisture absorption. 

Means to solve 

An .nsulanon film from a compound containing silicon, oxygen, carbon and hydrogen 
and having a viscosity at room temperature of 100-300,000 cP, is used as the interlayer 

insulation film (203). 



Claims 

1. Semiconductor device characterized by an insulation film, from a compound of silicon, 
oxygen, carbon and hydrogen with the carbon content higher than the silicon content, being used 
as at least one of interlayer insulation film and protective insulation film. 

2. Semiconductor device characterized by an insulation film from a compound of silicon, 
oxygen, carbon and hydrogen having a viscosity at room temperature of 100-300,000 cP bring 
used as at least one of interlayer insulation film and protective insulation film. 

3. Semiconductor device according to Claim 1 or 2, characterized by the above insulation 
film having a specific dielectric constant of 1.8-3.2. 

4. Semiconductor device characterized by comprising a semiconductor substrate with an 
element formation, a first insulation film installed on the semiconductor substrate, plural wiring 
installed on the first insulation film and connected electrically to the above device via a 
connecting hole made in the first insulation film, a second insulation film formed on the entire 
wiring and the first insulation film between wiring and fonned from a compound of silicon, 
oxygen, carbon and hydrogen with the carbon content being larger than the silicon content, and a 
third insulation film formed on the second insulation film, differing in terms of materials. 

5. Method for the manufacture of a semiconductor device characterized by a process for 
forming a first insulation film on a semiconductor substrate with a formed device, a process for 
forming plural wiring on the first insulation film with the wiring being electrically connected to 
the above device via a connecting hole, a process for forming a second insulation layer from a 
compound of silicon, oxygen, carbon and hydrogen with the carbon content being larger than the 
silicon content on the first insulation layer between the wiring, a process for forming a third 
insulation layer on the wiring and on the second insulation film with the third and second 
insulation films different in terms of material. 
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6. Semiconductor device characterized by comprising a first electrically conductive film 
and a second electrically conductive film electrically connected to the first electrically 
conductive film via a connecting hole formed in an insulation film formed covenng the first 
electrically conductive film, wherein in the insulation film, the region near the interface with the 
second electrically conductive film excluding the connecting hole region has a viscosity above 
10,000 cP and the region other than the region near the interface with the second electrically 
conductive film has a viscosity below 10,000 cP. 

7. Method for the manufacture of a semiconductor device characterized by involving a 
process for forming an insulation film with a viscosity below 10,000 cP covering a first 
electrically conductive film and a process for forming a second electrically conductive film on 
the insulation film with electric connection to the first electrically conductive film and carrying 
out a viscosity increase treatment to increase the viscosity of the region near the surface of the 
insulation film to above 10,000 cP. 

8. Method for the manufacture of a semiconductor device characterized by involving a 
process for forming a first insulation film of viscosity below 10,000 cP to cover a first 
electrically conductive film, a process for forming a second insulation film of viscosity above 
10,000 cP on the first insulation film, and a process for forming a second electrically conductive 
film on the second insulation film with electrical connection to the first electrically conductive 
film. 

Detailed explanation of the invention 
[0001] 

Technical field of the invention 

The present invention concerns incorporating characteristics in insulation films such as 
interlayer insulation films, protective insulation films (passivation films), etc., and also concerns 
methods for making same. 

[0002] 
Prior art 

Recently, for key parts of computers and communications devices, large-scale integrated 
circuits (LSI) with a large number of transistors, resistors, etc., integrated to form electric circuits 
on a single chip are widely used. Thus the performance of overall devices is largely connected to 
the performance of a single LSI unit. 
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[0003] 

The performance of an LSI unit can be increased by raising the degree of integration 
through miniaturization of each element. However, there are various problems in manufacturing 
processes for miniaturization. 

[0004] 

For example, in the case of Al alloy wiring, there has been a clear advance in the 
narrowing of the width of the wiring and space between the wiring. In regard to the thickness of 
the wiring, however, only a moderate advance has been achieved in making the wiring thinner. If 
a silicon dioxide film is formed to cover Al alloy wiring, the grooves between the wiring may not 
be filled completely by the silicon dioxide film so voids are formed in the insulation film. These 
voids may hold residual H 2 0, etc., in the insulation film, which in rum causes corrosion of the 
aluminum alloy conductor by gradual seeping [to the aluminum]. 


[0005] 

Conventional silicon dioxide films likewise have the problem that, because of the 
inherent tension of the film or large thermal tension in the film, the phenomenon of Al alloy 
wiring breakage (from thermal migration) is induced. 

[0006] 

A process for coating spin-on-glass (SOG) and the thermal hardening thereof is known as 
a process for filling fine grooves while avoiding the formation of voids. 

[0007] 

In this process, the SOG must have low viscosity, in order for fine grooves to be filled 
sufficiently with the SOG. However, the use of SOG with low viscosity has problems that large 
shrinkage in volume occurs when it is hardened thermally, whereby cracks are generated in the 
SOG, and that it is difficult to remove water from it adequately. The problem of corrosion of Al 
alloy conductors in the subsequent steps remains unsolved in this process. 

[0008] 

On the other hand, in order to obtain a semiconductor device of the next generation with 
a higher operating speed, the interlayer insulation film for separating the Al alloy wiring from 
itself must have a lower dielectric constant than it now has. In order to meet this requirement, the 
use of a silicon dioxide film to which fluorine has been added (fiuonne-containing silicon 
dioxide film) appears promising. 
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[0009] 

However, when the fluorine concentration in increased to lower the dielectric constant, 
moisture absorption increases. Thus water is released from the F containing silicon dioxide film 
during processing, resulting in worsening performance of the interlayer insulation film and 
problems of corrosion of Al alloy wiring. 

[0010] 

Problems to be solved by the invention 

As described above, when a silicon dioxide film is used as an interlayer insulation film, 
the shape to be filled is not favorable and filling the gaps (grooves) in the horizontal direction 
between fine wiring cannot be done without void formation. As a result, water remains between 
winng, causing problems of winng corrosion. 

[0011] 

Here, a method for coating and thermal hardening of low-viscosity SOG in fine grooves 
between wiring is proposed. However, the use of SOG with low viscosity has problems that large 
shrinkage in volume occurs when it is hardened thermally, whereby cracks are generated in the 
SOG, and that it is difficult to remove water from it adequately. The problem of corros.on of 
wiring in the subsequent steps remains unsolved in this process. 

[0012] 

On the other hand, as interlayer insulation films with low dielectnc constant needed in 
the manufacture of next-generation high-speed semiconductor devices, F containing silicon 
dioxide films look promising. However, when the fluonne concentration in increased m order to 
lower the dielectric constant, moisture absorption increases. Thus, water is released from the F 
containing silicon diox.de film dunng processing, resulting in decreased performance as an 
interlayer insulation film and problems of corrosion of wiring. 

[0013] 

Under such circumstances, it is an object of the present invention to provide a 
semiconductor device having an insulation film that is effective in filling fine regions and also to 
provide a method for making same. 
[0014] 

Especially, the present invention (Claims 1-3) is to provide a semiconductor device 
having an insulat.on film that is effective at least for one of the interlayer insulation film and 
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proteclive insulation film and with a low dielectric constant and low mo.sture absorption and 
having a better filling shape than before. 

[0015] 

Especially, the present invention (Claims 4 and 5) is to provide a semiconductor device 
having an insulation film that is effective for an interlayer insulation film with a low dielectric 
constant and low thermal stress and having a better filling shape than before and also to provide 
a method for making same. 

[0016] 

Especially, the present invention (Claims 6-8) is to provide a semiconductor device 
having an insulation film that is effective for an interlayer insulation film having better filling 
shape (high step coverage) and imparting no effects to subsequent processes (e.g., process for 
forming connecting holes, process for forming wiring). 

[0017] 

Constitution of the invention 
[0018] 

Means to solve the problems 
Outline 

For achieving the above objectives, the semiconductor device of the present invention is 
characterized by an insulation film from a compound of silicon, oxygen, carbon and hydrogen 
with the carbon content higher than the silicon content being used as at least one of interlayer 
insulation film and protective insulation film. 

[0019] . 

Also, another semiconductor device of the present invent.on (Claim 2) is characterized by 

an insulation film from a compound of silicon, oxygen, carbon and hydrogen and having a 
viscosity at room temperature of 100-300,000 cP being used as at least one of interlayer 
insulation film and proteclive insulation film. 


[0020] 

Here, room temperature means a temperature in the range of 15-30°C. 
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[0021] 

Also, another semiconductor device of the present invention is characterized by the fact 
that, in the above semiconductor device (Claim 1, Claim 2), the insulation film has specific 
dielectric constant of 1 .8-3.2 (preferably below 2.5). The preferred embodiments of the present 
invention (Claims 1-3) are given below: 


[0022] 

(1) The above insulation film has a structure of-{Si(Rl) 2 -0-Si(Rl) 2 -0-} n - as the main 
chain, with Rl being C n H 2n+ , (n is a positive integer); 


[0023] 

(2) The above insulation film has a structure of-{Si(Rl)2-0-Si(Rl) 2 -0-} n - as the main 
chain, with R 1 being -0-C„H 2n+ , (n is a positive integer); 


[0024] 

(3) The above insulation film has a structure of-{Si(RlR2)-0-Si(RlR2-0-)}„- as the 
main chain, with Rl being C n H 2n+ , (n is a positive integer) and R2 being CJWi (m is a 
positive integer) and n differs from m; 

[0025] 

(4) The above insulation film has a structure of-{Si(RlR2)-0-Si(RlR2-0-)} n - as the 
main chain, with Rl being -0-C n H 2ll+1 (n is a positive integer) and R2 being -0-C m rW, (m is a 
positive integer) and n differs from m; 

[0026] 

(5) The above insulation film has a structure of-{Si(RlR2)-0-Si(RlR2-0-)}„- as the 
main chain, with Rl being -0-C„H 2n+1 (n is a positive integer) or -CH 2n+1 (n is a positive 
integer) and R2 being -0-C m H 2m+ . (m is a positive integer) or -C m H 2m+1 (m is a positive 
integer), n and m being different from each other, and at least one of Rl and R2 being bonded 
via -O- to a similar Rl and R2 belonging to another main chain; 


[0027] 

(6) When the above insulation film is formed over a wide area, a pillar from an insulation 
material different from the above insulation film or a metal material generating a resisting force 
against flow or deformation of the above msulation film is installed in the above insulation film, 
so that deformation does occur even when stress is exerted on the above insulation film. 
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[0028] 

(7) With the viscosity of the region near the surface of the above insulation film made 
higher than other regions, a deformation does not occur even when stress is exerted on the above 

insulation film. 

[0029] 

(8) In the above insulation film, no reaction occurs inside the film at a temperature below 
650°C, and no water is released. 

[0030] 

(9) The above insulation film is formed by a CVD method. 

[0031] 

(10) In the above CVD method, the substrate temperature is set above the melting point 
but below boiling point of the raw material gas or reaction intermediate formed by reaction of the 
raw material gas in the vapor phase. 

[0032] 

Another semiconductor dev.ce (Claim 4) of the present invention concerns a 
semiconductor device characterized by comprising a semiconductor substrate with an element 
formation a first insulation film installed on the semiconductor substrate, plural w.nng installed 
on the first insulation film and connected electrically to the above device via a connecting hole 
made in the first insulation film, a second insulation film formed on all the winng and on the first 
insulation film between the winng and formed from a compound of silicon, oxygen, carbon and 
hydrogen witfi the carbon content being larger than the silicon content, and a third insulation film 
formed on the second insulation film, differing in terms of material. 

[0033] . . 

A method for the manufacture of yet another semiconductor device (Claim 5) is 

characterized by a process for forming a firs, insulation film on a semiconductor substrate with a 

formed device, a process for forming plural winng on the first insulation with the winng being 

electncally connected to the above device via a connecting hole, a process for forming a second 

insulation layer from a compound of silicon, oxygen, carbon and hydrogen with the carbon 

content being larger than the silicon content on the first insulation layer between the winng, a 
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process for forming a third insulation layer on the wiring and on the second insulation film with 
the third and second insulation films different in terms of material. 

[0034] 

In the present invention (Claim 4, Claim 5), the above second insulation film is formed 
using an organic silane and excited-state oxygen as the film-forming material by a CVD method, 
setting the substrate temperature above -70°C but below 50°C. 

[0035] 

In the present invention (Claim 4, Claim 5), different materials means both the case in 
which the elements used in the materials are the same but element compositions are different and 
the case in which the elements used for the materials are different. 

[0036] 

In the present invention (Claim 4, Claim 5), the thickness of the third insulation film on 
top of the second insulation film should be less than that of the third insulation film on the first 
insulation film between the wiring. 

[0037] 

The first and third insulation films are preferably silicon dioxide films. 

[0038] 

Another semiconductor device (Claim 6) of the present invention concerns a 
semiconductor device, characterized by comprising a first electrically conductive film and a 
second electrically conductive film electrically connected to the first electrically conductive film 
via a connecting hole formed in an insulation film formed covering the first electrically 
conductive film, wherein in the insulation film, the region near the interface with the second 
electrically conductive film excluding the connecting hole area has a v.scosity above 10,000 cP 
and the region other than the region near the interface with the second electrically conductive 
film has a viscosity below 10,000 cP. 

* 

[0039] 

Another method for the manufacture of a semiconductor device (Claim 7) is 
characterized by involving a process for forming an insulation film with a viscosity below 
10 000 cP covering the first electrically conductive film and a process for forming a second 
electrically conductive film on the insulation film with electric connection to the first electrically 
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conductive film and carrying out a v.scosity increase treatment to increase the v.scosity of the 
region near the surface of the insulation film to above 10,000 cP. 

[0040] 

Another method for the manufacture of a semiconductor device (Claim 8) is 
characterized by involving a process for forming a first insulation film of viscosity below 
10,000 cP to cover a first electrically conductive film, a process for forming a second insulation 
film of viscosity above 10,000 cP on the first insulation film, and a process for forming a second 
electrically conductive film on the second insulation film with electrical connection to the first 
electrically conductive film. 

[0041] 

Preferred embodiments of the present invention (Claims 6-8) are given below. 

[0042] 

(1) In the present invention (Claim 6), the viscosity of the region near the interface with 
the second insulation film in the side wall of the connecting hole of the insulation film is also 
raised above 10,000 cP. 

[0043] 

(2) In the present invention (Claim 7), a process for raising the viscosity of the region 
near the surface of the insulation film above 10,000 cP involves a process for exposing the above 
insulation film to the plasma of a gas containing at least a molecule having an oxygen atom. 

[0044] 

(3) In the present invention (Claim 7, Claim 8), a process for raising the viscosity of the 
region near the surface of the insulation film above 1 0,000 cP involves a process for exposing 
the above insulation film to the plasma of a gas containing an oxygen radical, ozone, and 
hydrogen radical. 

[0045] 

(4) In the present invention (Claim 7, Cla.m 8), a process for raising the viscosity of the 
region near the surface of the insulation film above 10,000 cP involves a process for irradiation 
of IR rays of wavelength 2.6-3.5 urn on the above insulation film. 
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[0046] 

(5) In the present invention (Claim 7, Claim 8), a process for raising the viscosity of the 
region near the surface of the insulation film above 10,000 cP involves a process for irradiation 
of UV rays of wavelength 142-308 nm on the above insulation film. 

[0047] 

(6) In the present invention (Claim 7, Claim 8), a process for raising the viscosity of the 
region near the surface of the insulation film above 10,000 cP involves a process for exposing 
the above insulation film to a gas containing an oxygen atom, an inert gas, or microwaves in 
vacuo. 

[0048] 

(7) In the present invention (Claim 7, Claim 8), a process for raising the viscosity of the 
region near the surface of the insulation film above 10,000 cP involves a process for heating the 
above insulation film-installed substrate at a rate above 10°C/sec and maintaining it at a 

temperature of 450°C or less. 

(8) In the present invention (Claim 7, Claim 8), a process for raising the viscosity of the 
region near the surface of the insulation film above 10,000 cP involves a process for heating the 
above insulation film-installed substrate at a rate above 10°C/sec to a temperature above 450°C 
but below 700°C. 

[0049] 

(9) In a manufacturing apparatus for a semiconductor device having a first electrically 
conductive film, an insulation film formed covering the first electrically conductive film, a 
second electrically conductive film formed on the insulation film and electrically connected to 
the first electrically conductive film through a connecting hole in the insulation film, a process 
for forming an insulation film of viscosity below 10,000 cP covering the first electrically 
conductive film and a process for raising the viscosity of the region near the surface of this 
insulation film to above 10,000 cP are carried out continuously without breaking a vacuum. 

[0050] 

(10) In the manufacturing apparatus of (9), the process earned out continuously without 
breaking the vacuum is carried out in the same vacuum chamber. 
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[0051] 

( 1 1 ) In ( 1 ) of the present invention (Claim 6), the insulation film is formed by a CVD 
method. 

[0052] 

(12) In (2)-(8) of the present invention (Claims 7-8), a CVD method is used for forming 
the insulation film. 

[0053] 

(13) In (9) and (10), the insulation film is formed by a CVD method. 

[0054] 

(14) In (1) of the present invention (Claim 6), the region near the interface with the 
second electrically conductive film in the side wall of the connecting hole of the insulation film 
should satisfy dmax < O.ltmax, wherein tmax is the maximum thickness of the insulation film 
and dmax is the maximum distance from the interface w.th the second electrically conductive 
film of the region near the above interface. 

[0055] 

(15) In (1) of the present invention (Claim 6), the region near the interface with the 
second electrically conductive film in the side wall of the connecting hole of the insulation film 
should satisfy 10 nm < dmax < 100 ran, wherein dmax is the maximum distance from the 
interface with the second electrically conductive film of the region near the above interface. 

[0056] . 

(16) In (1 ), the region near the interface with the second electrically conductive film in 

the side wall of the connecting hole of the insulation film should satisfy dmax < O.ltmax, 
wherein tmax is the maximum thickness of the insulation film and dmax is the maximum 
distance from the side wall of the connecting hole of the insulation film. 

(17) In (1), the region near the interface with the second electrically conductive film in 
the side wall of the connecting hole of the insulation film should satisfy 10 nm < dmax 

< 100 nm, wherein dmax is the maximum distance from the side wall of the connecting hole of 
the insulation film. 
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[0057] 

(18) In (2)-(8), (9) and (10) of the present invention (Claim 7), the region near the surface 
of the insulation film should satisfy dmax < O.ltmax, where.n tmax is the maximum thickness of 
the insulation film and dmax is the maximum distance from the [film] surface of the reg.on near 
the above surface. 

[0058] 

(19) In (2)-(8), (9) and (10) of the present invention (Claim 7), the region near the surface 
of the insulation film should satisfy 10 nm < dmax < 100 nm, wherein dmax is the maximum 
distance from the [film] surface of the region near the surface. 

[0059] 

(20) In a manufacturing apparatus for a semiconductor device having a first electrically 
conductive film, an insulation film formed covering the first electrically conductive film, and a 
second electrically conductive film formed on the insulation film and electrically connected to 
the first electrically conductive film through a connecting hole in the insulation film, a process 
for forming a first insulation film of viscosity below 10,000 cP covering the first electncally 
conductive film and a process for forming a second insulation film of viscosity above 10,000 cP 
on the first insulation film are carried out continuously without breaking a vacuum. 

[0060] 

(21) In (20), the process carried out continuously without breaking the vacuum is earned 
out in the same vacuum chamber. 

[0061] . . . 

(22) In the present invention (Claim 7), the above viscosity increase treatment is earned 

out before and/or after the process for forming the connecting hole in the above insulation film 
for electncally connecting the first electncally conductive film and the second electncally 
conductive film. A viscosity increase treatment before the connecting hole format.on is preferred 
for the formation of precisely shaped resist patterns and precisely shaped connecting holes. If it 
is carried out after the connecting hole formation, the above treatment also occurs on the 
connecting hole wall, so property degradation from subsequent exposure to plasma sputtering 
can be prevented. 
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[0062] 
Function 

It has been learned that the filling of fine grooves can be improved by having higher 
carbon content than silicon and by having a room-temperature viscosity (100-300,000 cP) in the 
insulation film composed of a compound of silicon, oxygen, carbon and hydrogen. 

[0063] 

For example, it has been learned that grooves with a high aspect ratio exceeding 1 can be 
filled without formation of voids. 

[0064] 

It has also been learned that insulation films formed from a compound of silicon, oxygen, 
carbon and hydrogen with such viscosity have a low dielectric constant and low moisture 
absorption. For example, the dielectric constant can be lowered to 1.8-3.2, and even when a film 
is heated to about 650°C, no release of water occurs. 

[0065] . . 

Thus according to the present invention (Claims 1-3) using such insulat.on films for 

interlayer insulation films and protective insulation films, the filling shape is improved, and 
interlayer insulation films and protective insulation films with a low dielectric constant and low 
moisture absorption can be realized. 

[0066] 

With high viscosity, the above insulation films exhibit low thermal stress. 

[0067] 

Also according to the present invention (Claims 4-6) using the above insulation film for 
a second insulation film (interlayer insulation film), the filling shape is improved, and 
semiconductor devices having a second insulation film (interlayer insulation film) having a low 
dielectric constant and low thermal stress and method for making same can be realized. 

[0068] J . . . 

When such second insulation film (interlayer insulation film) is formed on winng such as 

Al winng, etc., since a large thermal stress is not exerted on the winng, stress migration can be 

prevented effectively. 
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[0069] 

In the present invention (Claims 4-5), a third insulation film from a material different 
from that of a second insulation film is formed on the second insulation film. Thus, problems 
from the second insulation film can be prevented by the third insulation film. 

[0070] 

For example, when the third insulation film is the same as conventional interlayer 
insulation film, it is not necessary to form the upper layer wiring taking the properties of the 
second insulation film into account, so the upper layer wiring can be formed by a conventional 
process. 

[0071] 

Also, in the present invention (Claims 6-8), instead of towering the viscosity of the entire 
insulation film, the viscosity of the region near the upper second electrically conductive film is 
raised. Thus, the filling shape is improved, yet the effects imparted to subsequent processes (e.g., 
connecting hole formation process, wiring formation process) are small. 

[0072] ' . 

More specifically, it is known that insulation films with low viscos.ty, a low dielectric 

constant and low moisture absorption (corresponding to the insulation film below 10,000 cP of 
the present invention) can be formed by a deposition CVD method. 

[0073] . 

When a metal film for wiring is formed on such a low-viscosity insulation film by a 

sputtering method such as magnetron sputtenng, etc., the insulation film surface is severely 
damaged by the plasma, etc., used for sputtering. 

[0074] . . 

Thus some of the chemical bonds of the molecules constituting the insulation film are 

cleaved undulations may be formed at the interface between the insulation film and the wiring 
(corresponding to the second electrically conductive film of the present invention) formed on the 
insulation film, leakage current may readily flow between the two wiring (corresponding to the 
first and second electrically conductive films) separated by the insulation film, and degradation 
of the insulation properties of the insulation film may occur. 
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[0075] 

However, in the present invention, when the viscosity of the insulation film region at 
which the upper second electrically conductive film is to be formed is raised, the insulation film 
surface wear from plasma, etc., can be reduced sufficiently. Thus, degradation of the insulation 
properties of the insulation film can be prevented effectively. 

[0076] 

When a connecting hole (through hole) is formed in the insulation film between the upper 
and lower wiring, the position and shape of the through hole may become unstable from 
deformation of the insulation film. However, when the viscosity is partially raised as in the 
present invention, such problems related to the through hole can be prevented. 

[0077] 

Embodiments of the invention 

Next, embodiments of the present invention (hereafter referred to as embodiments) are 

explained with figures. 
[0078] 

First embodiment 

Figure 1 illustrates a schematic constitution of a semiconductor manufacturing apparatus 
for the first embodiment of the present invention. 

[0079] 

The figure shows a vacuum chamber (1), and the vacuum chamber (1) is connected to a 
vacuum device (not shown) via the exhaust outlet (2). The vacuum reached in the vacuum 
chamber (1) by the exhaust apparatus exceeds 2 x 10" 7 ton*. 

[0080] 

A substrate support table (3) is installed inside the vacuum chamber, and a silicon 
substrate (4) is supported by the substrate support table (3). 

[0081] 

To the vacuum chamber (1) are connected pipelines for feeding various gases. Namely, 
the vacuum chamber (1) is connected to a stainless steel pipeline (5) for feeding oxygen, a 
stainless steel pipeline (15) for feeding tetramethylsilane [Si(CH 3 ) 4 , hereafter referred to as 
TMS], and a stainless steel pipeline (30) for feeding nitrogen. The oxygen-feeding pipeline 
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(5 (for simplicity, no oxygen feeding device is shown) is connected to the block valve (6), mass 
now controller (7), block valve (8) and A1 2 0 3 pipe (1 1) via the attachment (9). 

[0082] This A1 2 0 3 pipe (1 1) is connected to the vacuum chamber (1) via the attachment (12). A 
microwave discharge cavity (10) is installed in the middle of the A1 2 0 3 pipe (1 1). The 
microwave power source and microwave feeding system are not shown. 

[0083] M . . , , v. 

The TMS-feed pipeline (15) (for simplicity, the TMS feeding dev.ee is not shown) is 

connected to the vacuum chamber (1) via the block valve (16), mass flow controller (17), block 
valve (18), and stainless steel pipe (19). 

t00841 The nitrogen gas (for simplicity, nitrogen gas feeding device is not shown) flowing 
through the pipeline (30) restores the vacuum chamber (1 ) to ambient pressure for loading and 
unloading the silicon substrate (4) and also controls the pressure inside the vacuum chamber (1) 
for shortening the warming time of the cooled silicon substrate (4) to room temperature. 

100851 The n.trogen gas may be allowed to now for control of pressure during deposition of the 
silicon dioxide film on the silicon substrate (4). 

[00861 The pipeline (30) is connected to the vacuum chamber (1) via the block valve (31), mass 
flow controller (32), block valve (33), and stainless steel pipeline (34). 

100871 inside the substrate support table (3) are embedded copper pipes (35, 35') [copper pipe 
(35) is at the gas feeding side, while copper pipe (35') is at the gas outlet side) ^for cooling and 
temperature retention of the substrate support table (3), and the copper pipes (35, 35 ) are 
connected to cold nitrogen and nitrogen gas at room temperature as shown in Figure 2. 

100881 The feeding device of Figure 2 is explained briefly. The figure shows a pipeline (101) for 
nitrogen flow, and this pipeline (101) is connected to a nitrogen feeding device wh.ch ,s not 
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shown. The pipeline (101) is connected to the pipeline (35) for cooling and temperature retention 
of the substrate support table shown in Figure 1, via the block valve (102), mass flow controller 
(103), block valves (104, 105). 


[0089] 

The pipes (106, 109) with the block valve (105) between them are branched. The 
branched pipe (106) is connected to the spiral tube (108) via the block valve (107), and the spiral 
tube (108) is connected to the pipeline (109) via the block valve (1 10). The pipeline (109) is 
connected to the pipeline (35) shown in Figure 1. 


[0090] 

Also, the spiral tube (108) is immersed in liquid nitrogen (1 12) in the liquid nitrogen 
reservoir (111). The nitrogen gas flowing through the spiral tube (108) is usually cooled to the 
liquid nitrogen temperature. 

[0091] 

When cooling of the silicon substrate (4) is needed, nitrogen gas is passed through the 
spiral tube (108). When restoring cold silicon substrate (4) after completion of silicon dioxide 
film formation to room temperature is needed, the valve (105) is opened, and nitrogen gas at 
room temperature is fed to the pipeline (35). 


[0092] 

By flowing nitrogen gas controlled by the mass flow controller and cooled by the liquid 
mtrogen through the copper pipes (35, 35'), the substrate support table (3) and silicon (4) are 
cooled to a desired temperature. 


[0093] 

In Figure 1 , a sheathed heater (36) is installed in the substrate support table (3) as a heat 
source for heating, and by this sheathed heater (36), the silicon substrate (4) can be heated to a 
desired temperature. The power source for the sheathed heater (36) is not shown. The vacuum 
chamber (1) wall has a double wall structure fitted with a heat source (41) for heating the wall 
with a thermal insulator (42). In the present embodiment, the vacuum chamber (201) [sic; 301] 
has a wall temperature of 80°C. The power source for the heat source (41) is not shown. 
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100941 Next, » method for fomung an m.erlayer insulation film u.ng such sem.conductor 
manufacturing apparatus is explained. 

100951 ,„ a vacuum chamber (.) under amb.en. pressure, a silicon, substrate (4) having a desired 
for med '1— nted on the substrate support table !n thts - ™- 
chamber may be installed, and the sihcon substtate (4) may be tnmsported to the vacuum 
chamber (1) automatically by using a robot arm. 

Next, through the gas exhaust outlet (2), the vacuum chamber (1 ) interior is 

decompressed to a vacuum of 1 x 10 torr. 

100971 Next the s.licon substrate (4, is cooled by allowing mtrogen gas ,0 How between copper 
Next, the , s Mt a| a , empetatote of usual]y 

%™££Z Z 1= £ - - - £ — «> — 

reaches -80~-25°C. 

100981 After confinning that the substrate temperature has stabilized* the desired temperate, 
the TMS mass flow controUer (17) ,s set at 1-100 cmVmin, and the bloc, valves (16, 18) 
opened to let the TMS into the vacuum chamber (1). 

a ^ „ Ar nm set at 1-1000 cmVmin, and the block valves 
w«.vt the oxveen mass flow controller (10) is set at i iuw . .• 

Next, the oxygen chamber (1) A( ^ tme) 

(,6. 1 8) [»c; 6, 8] are opened to let the changing the flow 

the vacuum chamber (201) ,nner pressure can be set at m to 
of the exhaust outlet (2), namely, by the TMS part.al pressure of 2-200 torr oxyg 
pressure of 2-400 torr. 

101001 After stabthzat.on of the oxygen How, about ,00-5 kW [*] of mtcrowave power is 

applied, causing micro & formation times, 

occurs is taken as the film format.on mit.at.on time, and at varying 
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interlayer insulation films are deposited from a compound of silicon, oxygen, carbon and 
hydrogen on the silicon substrate (4). 


[0101] 

The termination of the deposition is carried out as shown below. 


[0102] 

First, the microwave power is cut off to stop the microwave discharge, and this stopping 
time is taken as the deposition termination time. 

[0103] 

Next, the block valves (28, 18) [sic; 16, 18] are closed to stop the feeding of TMS, and 
then the block valve (8) is closed to stop the feeding of oxygen. 

[0104] . ,. ...... 

The nitrogen gas feeding for cooling between the pipeline (35) and the pipeline (35 ) is 

stopped as shown above, and at the same time n.trogen gas at room temperature is allowed to 
flow. 


At this time, the nitrogen mass How controller (32) is set at 1-10 L/min and the block 
valves (31 33) are opened to let nitrogen gas into the vacuum chamber (1) from the pipeline 
(34), allowing the vacuum chamber (1) intenor to nearly reach ambient pressure, and the silicon 
substrate (4) is allowed to cool to room temperature. 

[0106] J . ... 

Finally the vacuum chamber (1) intenor is returned to ambient pressure, and the silicon 

substrate (4) is taken out. If needed, another silicon substrate is supported on the substrate 
support table (3). With this, one cycle of an interlayer insulation film formation process ,s over. 

[0107] r , f 

In the present embodiment, the interlayer insulation film is formed from a compound of 

silicon, oxygen, carbon and hydrogen with the carbon content being larger than the silicon 

content. 
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[0108] 

It has been learned that an interlayer insulation film from a compound of silicon, oxygen, 
carbon and hydrogen, with the carbon content being larger than the silicon content, exhibits 
viscosity at room temperature and gives improved step coverage properties. 

[0109] 

It has also been learned that such a viscous insulation film from a compound of silicon, 
oxygen, carbon and hydrogen has a reduced d.electnc constant and [reduced] moisture 
absorption. 

[0110] 

Thus according to the present embodiment, an interlayer insulation film and a protective 
insulation film having good step coverage properties and a low dielectric constant and low 

moisture absorption can be realized. 

[0111] 

Second embodiment 

F.gure 3 is a process cross section view illustrating a method for the manufacture of a 
semiconductor device of the second embodiment of the present invention. This is an example of 
application of the present invention for an interlayer insulation film. 

F.gure 3(a) illustrates the process cross section before forming an interlayer insulation 
film Namely, Figure 3(a) illustrates a process for forming a silicon dioxide film (202) on a 
silicon substrate (201) with a formed element, opening a connecting hole selectively in the 
region for electric conduction in the silicon dioxide film (202), and depositing an 
Al-l%Si-0.5%Cu film (hereafter referred to as Al alloy film) for the wiring (203) in a desired 
wiring pattern of the Al alloy film. 

Thereafter, the silicon substrate (201) is mounted on the substrate support table (3) ins.de 
the vacuum chamber (1) of the semiconductor manufacturing apparatus used in the first 
embodiment, and following the processes shown in the first embodiment, the interlayer 
insulat.on film (204) is formed as shown in Figure 3(b) above the entire substrate surface. 
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[0114] 

More specifically, e.g., the interlayer insulation film (204) is formed under the conditions 
of a TMS flow of 20 cmVmin, oxygen flow of 200 cm 3 /min, deposition pressure of 0.2 torr, 
microwave power of 200 W, substrate temperature of-30°C, and deposition time of 2 min. 
Under such film forming conditions, the deposition rate of the interlayer insulation film (204) is 
about 0.5 nm/min. 

[0115] 

Observation of the sample under a scanning electron microscope (SEM) shows that, as 
shown in Figure 3(b), the interlayer insulation film (204) is deposited completely from the 
bottom of the trench grooves between wiring (203) like a deep cup filled by a liquid, and no 

cobwebs (voids) are observed between the wiring (203). 

[0116] 

An insulation film was formed according to the above method on a silicon substrate with 
flat surface and analyzed by a transmission method using a Founer transform IR spectrometer. 

[0117] 

As a result, the peaks observed were an Si-O-Si oscillation peak and an S1-CH3 
absorption peak. The ratio of the Si-CH 3 peak to the Si-O-Si peak was 10-50%. 

[0118] 

Because of problems in detection sensitivity, for now, the content cannot be obtained 
directly. However, dissolution of the entire insulation film by a chemical wet process and 
evaluation by atomic absorption, etc., gives a C to Si composition ratio of about 1:1 to 30:1, 
indicating higher C content in all cases. 

[0119] 

In all cases, if the vacuum reached in the vacuum chamber (1) is insufficient, an H 2 0 
peak is observed. Thus, the degree of vacuum reached in the vacuum chamber (1) should be as 
high as possible. 

[0120] 

The interlayer insulation film (204) is more appropriately [called] a highly viscous 
insulation oil rather than an insulation film and has a viscosity of 100-30,000 cP and a dielectnc 
constant of about 1.8-3.2. 
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l0 ' 2 " w„ t , absorp.ton evasion shows ft. ft. mterlayer * <*») *-» » 

water absorption a, all when allowed .0 s,a„d in .he atmosphere for 2 days. 

l0 ' 221 The thermal stabiltty of .he in,erl,yer insulation film (204) can he investiga. e4 by 

detected at 300°C, and thereafter, at 300-650 C, peaks 
peak is detected. 

101231 A sample (A) obtatned by fonning a 0.5 um siltcon dioxide film on a silicon : substrat, 
A sampler magnetron sputtenng, forming Al 

form ,„ g an Al alloy nim sput L g , and fon^ a 2 p m ,h,c k 

that showed an overwhelmingly higher reliability for sample A. 

[0124] , • r , o(U^fthe present embodiment is viscous and thus is soft 

s ■r.=r,s rr:;r,r,:r— »— . 

so there are no thermal stress-induced problems. 


[0125] 

Third embodiment 


Third embodimen ^ constitutlon of , 

F.gure 4 ,s a schematic g embodime nt of the present invention, 

semiconductor manufacturing apparatus used in 

l° 126] u K Pr nnn and this vacuum chamber (301) is evacuated 

The fieure shows a vacuum chamber (301 ), ana mis vac 

The figure ^ ^ surpasses 2 x 10 torr. 

through exhaust opening (202) Isic, u> * 5 
For simplicity, the vacuum apparatus is not shown. 
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[0127] 

In the vacuum chamber (301) is placed a substrate support table (303) for supportmg a 
substrate, and a silicon substrate (304) is loaded on this substrate support table (303). 

[0128] , . .. 

The vacuum chamber (301 ) is connected to a number of pipelines for feeding vancus 

eases The vacuum chamber (301) is connected to pipeline (305) for feeding oxygen, pipehne 

(315) for feeding an organic silane, e.g., TMS, and pipeline (330) for feeding nitrogen. The 

pipeline (305) is made of stainless steel. 

[0129] 

The pipeline (305) feeding oxygen (for simplicity, the oxygen feed source is not shown) 
is connected to the block valve (306), mass flow controller (307), block valve (308), and AW> 3 
pipe (311) via the fitting (309). The A1 2 0 3 pipe (311) is connected to the stainless steel pipeline 
(313), via the fitting (312) and the stainless pipeline (313) is connected to the vacuum chamber 
(301). 

[0130] rt Al< _ . , 1in 

A m.crowave discharge cavity (310) is installed in the middle of the A1 2 0 3 p.pe (311) 

(for simplicity, the microwave power source and microwave feeding system are not shown). 

[01313 The stainless pipeline (313) is connected to the spray head (314) installed facing the 
substrate support table (303) in the vacuum chamber (301). The oxygen fed through the stainless 
pipeline (313) is fed through the spray head (314) to a region above the subst.te and on the w y 
Tacts with TMS and then reaches the substrate. The spray head (314) can be heated or cooled to 
a desired temperature in the rage of-70-100°C (for simplicity, the heat source and control device 
are not shown). 

101321 The pipeline (315) for feeding TMS (for simplicity, the TMS feed source ,s not shown) ,s 
connected to the vacuum chamber (301) via the b.ock valve (316), mass flow controller (317), 
block valve (318) and stainless steel pipeline (319). 
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[0133] 

For flow control, instead of the mass flow controller (317), a needle valve may be used. 

M] The stainless pipeline (319) is connected to the spray head (314) inside the vacuum 
chamber (301). Thus, when oxygen and TMS are fed, the two gases are m.xed m the spray head 
(314) with partial reaction and the mixed gas reaches the substrate. 

[0135] . . . 

However it is not essential to use the spray head (314) in the present invention, and 

similar results can be obtained when an organic silane and activated oxygen gas are fed 
separately near the substrate surface and the two are mixed there. 

101361 The nitrogen gas flowing through the pipeline (330) (for simplicity, the nitrogen gas feed 
source is not shown) restores the vacuum chamber (301) to ambient pressure for loading and 
unloading the silicon substrate (304) and also controls the pressure inside the vacuum chamber 
(301) for shortening the warming time of cooled silicon substrate to room temperature. 

[01371 

The pipehne (330) is connected to the vacuum chamber (301) via the block valve (331), 
mass flow controller (332), block valve (333), and the pipeline (334). 

381 lns.de the stainless substrate support table (303) are embedded copper pipes (335) [the 
copper p,pe (335) is at the gas feeding s.de, while the copper pipe (335') is at the gas outlet side) 
for coohng and temperature retention of the substrate support table, and the copper pipes (335) 
are connected to cold nitrogen and to nitrogen gas at room temperature. 

fOl 391 

A sheathed heater (336) is installed as the heat source for heating (for simplicity, the 
power source is not shown) in the substrate support table (303), and the substrate (304) can be 
heated to a desired temperature by this sheathed heater (336). 
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[0140] 

The vacuum chamber (301) has a double wall structure, fitted with a heat source (341) for 
heating the wall surface and a thermal insulator (342) (for simplicity, the power source is not 
shown). In the present embodiment, the vacuum chamber (301) has a wall temperature of 80°C. 

[0141] 

Next, the method for insulation film formation of the present embodiment is explained 
based on actual operation. 

[0142] 

First, ambient pressure is restored to the vacuum chamber (301), and then a substrate 
(304) is loaded on the substrate support table (303). It is also possible to use a preliminary 
chamber with a vacuum via a gate valve at a side of the vacuum chamber (301), such that the 
substrate can be transported automatically using a robot arm. 

[0143] 

The vacuum chamber (301) interior is evacuated to some degree of vacuum via the 
exhaust opening (302). The degree of vacuum reached is higher than 1 x 10 7 ton. 

[0144] 

Next, by flowing cold nitrogen gas from the copper pipe (335) to the copper p.pe (335'), 
the substrate (304) is cooled. The temperature of the substrate support table (303) is set 
at -100-25°C, and the substrate temperature reaches -80-25°C. 

[0145] 

After confirming that the substrate temperature has stabilized at the des.red temperature, 
the mass flow controller (317) for controlling TMS flow is set at 1-100 cmVmin, and the block 
valves (316, 318) are opened to let the TMS into the vacuum chamber (301). 

Next, the oxygen mass flow controller (301) [sic; 307] is set at 1-1000 cm'/min, and the 
block valves (306, 308) are opened to let the oxygen gas into the vacuum chamber (301). 
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[0147] 

At this time, the vacuum chamber (301 ) inner pressure can be set at 10 mtorr-500 torr by 
changing the flow of the exhaust outlet (302), namely, by the TMS partial pressure of 2 
mtorr-200 torr and the oxygen partial pressure of 2 mtorr-400 torr. 

[0148] 

After stabilization of the oxygen flow, about 100 W-5 kW of microwave power is 
applied, causing microwave discharge of oxygen. The time at which the microwave discharge 
occurs is taken as the film formation initiation time, and at varying film formation times, 
insulation films are deposited on the silicon substrate (304). 

[0149] 

While the case of introducing directly activated oxygen gas into the vacuum chamber 
(301) is described in this embodiment, usually the resonance of the oxygen gas flow controller 
and microwave is not immediately stabilized so a bypass flow is maintained until stabilization, 
then flow begins to the vacuum chamber (301) after good stabilization is achieved in terms of 
insulation film qualities. 

[0150] 

Film formation is terminated in the following manner. 

[0151] 

First, the microwave power is cut off to stop microwave discharge, and this stopping time 
is taken as the deposition termination time. 

[0152] 

Next, the block valves (328, 318) are closed to stop the feeding of TMS and then the 
block valve (308) is closed to stop the feeding of oxygen. 

[0153] 

Nitrogen gas feeding for cooling between the pipeline (335) and the pipeline (335") is 
stopped as shown above, and at the same time nitrogen gas at room temperature is allowed to 
flow. 
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Under such film forming conditions, the deposition rate of the mterlayer insulation film 
(405) in the grooves (404) is about 0.1-0.5 urn/mm. Observation of the sample under a scanning 
election ovoscope (SEM) shows that, as shown in Figure 5(b), the mterlayer insulation film 
(405) is deposited completely from the bottom of the grooves (404) between winng like a deep 
cup filled by a liquid, and no voids are observed in the insulation film (405) between the winng 
(404 [sic; 403]). 

t01611 Next using the normal tetraethoxysilane (TEOS) and oxygen, an S,0 2 film (406) is 
deposited at'a thickness of about 0.5-1 H m in a parallel plate type plasma CVD apparatus [Figure 

5(c)]. 

[0162] A connecting hole (through hole) for the Al alloy winng (403) is opened in the S,0 2 film 
(406) and then a second-layer A. alloy wring is formed. Next, by repeating a s.m.lar process for 
the needed winng, a multilayer structure ,s fonned. Since the msulat.on fi.m (405) ,s v.scous, ,t 
should not be present in substantial thickness on the Al alloy wiring in subsequent processes. 

[0163] The characteristics of this embodiment include, as shown in Figure 5(b), that the 
thickness a of the insulation film (405) deposited on the Al alloy wiring (403) is di^rent from 
the thickness b of the insulation film (405) deposited ins.de the groove (404). Name y, the 
thl ckness b of the insulation film (405) deposited inside the groove (404) ,s greater than the 
thickness a of the insulation film (405) deposited on the Al alloy wmng (403). 

[01641 Figure 6 shows the relationship between the thickness a and the thickness b. As shown in 
the figure during the complete filling of the groove (.04) [sic; 404], the thickness b ,s 
ub nt, a ,y larger than the th.ckness , Therefore, in the figure, when the deposition of the 
n Ion film (405) ,s stopped at the x position, the groove (405) [sic; 404] ,ntenor,s almost 
Jed by the Julafion fi.m (405), while the .nsulat.on film (405) ,s barely deposited on the A. 
alloy wiring (403). 
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In Figure 5 although the illustration shows a thin insulation film (405) formed on the Al 
alloy wiring (403), .1 may be formed only on the thermally ox.d.zed silicon dioxide film (402) 
between the wiring and may not be formed on top of the Al alloy wiring (403) at all. 

t0166] Since the insulation film (405) of th.s embodiment can be thinner than that of the usual 
silicon diox.de films, by using insulation film (405) only between the wiring, the capacttance 
between wiring in the lateral direction can lowered. 

[0167] Due to its viscosity, insulation film (405) is soft compared with silicon dioxide films. 
This can be either a strong point or a weak point of the insulat.on film (405). Extended electrical 
reliability is due to the absence of thermal stress-induced problems, since the soft msulation film 
(405) does not have thermal stresses which are found in the usual silicon d.ox.de films. 

[01681 c 
On the other hand, such softness may result in prob.ems in subsequent processes. For 

example when an insulation film (405) ,s tod on the entire surface of the first Al alloy wring 

layer followed bv deposition of an Al alloy film for a second A. alloy wiring by a magnetron 

sputtering method, the insulation film (405) may be wrinkled by the heat dunng the sputtering, 

making uniform deposition of the Al alloy film and continuance of subsequent process 

impossible. 

101691 But according to ,h,s embodiment, the soft msulation Bin, (405) is present matnly 
between the Al a„oy winng, and Sift film (406) by a norma, plasma CVD method contact he 
Al alloy winng. In practice, the soft insulation film (405) may also be present on the Al alloy 
winng b„, ,n the case of this embodiment, such a presence cannot be observed by a scanning 
e.ectrtn m.croscope (SEM)- Since the surface of the insulation film (405) conststs of a S,0 ; film 
by a normal plasma CVD method, no particular problems are encountered m subsequent 
processes. 

101701 A.so, ,n ,h,s embodtment, ,h. con,bi„a,,o„ ofTMS and oxygen is illustrated^, similar 
results can be obtained w„h organ.c s.lanes other than IMS, e.g.. tetraethylsilane [S.(C« 
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tetramethoxys.lane [Si(OCH 3 )<], tctraethoxysilane [Si(OC 2 H 5 )«], hexamethyld.siloxane 
[Si 2 0(CH 3 ) c ], tetraisopropoxysilane [Si(i-C 3 H 7 ) 4 ] [sic], etc. Similar results can also be obtamed 
using xylene, phenyltrimethylsilane, and diphenyltrimethylsilane. 

[0171] 

Besides 0 2 , compounds having at least an oxygen atom as a constitutional element are, 
e.g., ozone, CO, C0 2 , NO, N 2 0, N0 2 , H 2 0, H 2 0 2 , etc., which give similar effects. 

[0172] 

Fourth embodiment 

Figure 7 is a process cross section diagram illustrating a method for the manufacture of a 
semiconductor device of the fourth embodiment of the present invention. 

[0173] 

As shown in Figure 7(a), a 1 nm-thick thermally oxidized silicon dioxide film (502) is 
formed on a silicon substrate (501), followed by deposition of a 0.9 nm-thick Al alloy film (503) 
for Al alloy wiring by a usual sputtering method, and then patterning the Al alloy film by normal 
light exposure and reactive ion etching to obtain Al alloy wiring (503). 

In the figure a groove (504) between the w.nng is shown. The Al alloy winng (503) is 
connected to an element (not shown) formed on the silicon substrate (501) via a connecting hole 
(not shown) formed in the thermally oxidized silicon dioxide film (502). 

[0175] , 
Using to the method shown in the third embodiment, an insulation film (505) is formed 

on the silicon substrate (501) as shown in F.gure 7(b). The film formation conditions are, but are 

not limited to, a TMS flow of 20 cmVmin. oxygen flow of 100 cmVmin, pressure of 0.2 torr, 

microwave output of 500 W, and substrate temperature of R.T. (room temperature). 

[0176] . t , 

Under such conditions for relatively easy formation of oxygen rad.cals, as shown in 

Figure 7(b) conformal shape is readily realized. The conditions for easy oxygen radical 

format.on include the region of high oxygen flow at constant TMS flow, high microwave output 

region, and a high substrate temperature region in the above range (room temperature). 
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[0177] 

As a result of scann.ng electron microscope (SEM) observation, as shown in the same 
figure (b), the insulation film (505) thickness is about the same in the bottom of the groove (504) 
and on the top of the wiring (503). 


[0178] 

The present embodiment is chracterized by the fact that the insulation film (505) is 
formed also at a certain thickness (0. 1 -0.5 jim) on the Al alloy wiring (503) but the insulation 
film (505) is not formed at the same thickness in the bottom of the groove (504) and on the Al 
alloy wiring. For reducing the capacitance between the wiring in the lateral direction, it is better 
for the insulation film (505) to fill between the Al alloy wiring as much as possible. 

[0179] 

Next, after removal from the vacuum chamber, as shown in Figure 7(c), a Si0 2 film (506) 
of a thickness above 0.5-1 .0 urn is formed on the entire surface by a normal plasma CVD 
method To improve the filling of groove (504), an insulation film is deposited at a thickness of 
about 0.2-0.6 urn using a organic silane and 0 3 and then the Si0 2 film (506) is formed by the 
plasma CVD method. 

[0180] 

Thereafter, by a usual manner, the upper layer Al wiring is formed. Namely, a contact 
hole for the Al alloy winng (503) is opened at a desired position. Then a 0.4-1 .0 ^m-th.ck Al 
alloy film is formed for the upper layer Al alloy wiring and this is followed by patterning by the 
usual light exposure and reactive ion etching to form the upper layer Al alloy winng. 

1018 Finally, after formation of a 0.5-1.0 ^m-thick Si0 2 film by the plasma CVD method, a 
pad is formed. 

Electric reliability tests of the thus-obta.ned semiconductor devices (samples) show that 
the fraction defective from stress migration is smaller than for conventional devices by more than 

a two digit value. 
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Th.s may be ascnbcd to the fact that s,nce the insulation film (505) in contact w.th the Al 
alloy wiring (503) is v.scous, even if the subsequently formed Si0 2 film (506) by the plasma 
CVD method has the usual thermal stresses, thermal stress in the Al alloy w.nng (503) has been 

relieved. 

[0184] , . 

The charactenst.es of this embodiment also include formation of an insulation film (505) 

of about 0 1-0.5 urn thickness on the Al alloy wiring (503). Namely, the top and sides of the Al 

alloy winng (503) are surrounded by the soft insulation film (505) of this embodiment. 

[0185] With this structure, it seems that relief of the thermal stresses of the Si0 2 film (506) 
formed on the insulation film (505) by a plasma CVD method is possible, so the generation of 

stress migration is suppressed. 

101861 The charactenst.es of this embodiment also include that the mterlayer .nsulat.on film 
does not consist entirely of the insulation film (505). W.th increased voltage, not only stress 
migr ation, but also e.ectro-m.gration is a major factor for reducing the electnc rel.ab.l.ty of Al 

alloy wiring. 

[0187] To counter th.s, a method of installing T.N barrier layers above and below the Al alloy 
w.nng is employed. With th.s structure, the Al atoms of the Al alloy w.nng under appl.cat.on of 
a large voltage migrate in the voltage application direction. 

101881 The A, atoms moved downstream are excess atoms in the Al alloy wiring downstream^ 
Since the top and bottom of the A. alloy w.ring are covered by hard T.N barner layers, growth 
occurs along the weak points of the .nsulat.on film next to the A. alloy winng ,n the latera. 

direction (side hillock). 

With Significant growth, this s.de hillock may contact the ne.ghbonng Al alloy w.nng, 

resulting in an electnc short circuit. 
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However when the lateral gap between the Al alloy wiring is entirely filled with the soft 
insulation film (505), the resistance to side hillocks becomes weak. However, when the soft 
insulation film (505) is used only in the region in contact with the Al alloy wiring and a 
conventional Si0 2 film (506) is used in the remainder of the gap between the Al alloy wiring, the 

side hillock resistance does not deteriorate. 

[0191] 

Fifth embodiment r 
Figure 9 is a process cross section diagram illustrating a method for the manufacture of a 

semiconductor device of the fifth embodiment of the present invention. 

[0192] Figure 9(d) represents the semiconductor device obtained by the manufacturing method 
of this embodiment. The figure shows a Silicon substrate (701) carrying an element. A silicon 
diOX.de film (702) is formed on the silicon substrate (701), and then wiring in 
(703, 703 2 703 3 ) is formed on silicone dioxide film (702). The wrong (703,, 703 2 , 703 3 ) is 
electncally'connected to the element (not shown) on the substrate via connecting holes (contact 
holes) (not shown) formed in the silicon dioxide film (702). 

101931 Th,s w,nn g (703,, 703 2 , 703 3 ) is covered by the insulation film (704) of the present 
invention Wiring (705) is formed on the insulation layer (704), and the wiring layer (707) 
" ,s connected to the wiring 703 2 via the connecting hole (through hole) (706) formed ,n 
the insulation film (704). The wring (703,, 703 2 , 703 3 , 705) is made of, e.g., 
aluminum- l%silicon-0.5%copper alloy. 

101941 Figure 8 is a schematic diagram illustrating an approximate constitution of the 
semiconductor manufacturing apparatus used in this embodiment. This semiconductor 
m anufactur,ng apparatus is capable of forming the insu.ation film (704) by the dep. ion CVD 
me thod. The figure contains a vacuum chamber (601), and the vacuum chamber (601) , 
evacuated through the exhaust opening (602) to a reached degree of vacuum above 2x10 tor, 
For simplicity, the evacuation apparatus is not shown. 
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[0195J 

A substrate support table (603) for supporting a substrate is installed inside the vacuum 
chamber (601), and a silicon substrate (604) is placed on the table. 

[0196] 

The vacuum chamber (601) is connected to pipelines for feeding various gases. Namely, 
the vacuum chamber (601) is connected to the pipeline (605) for feeding various process gases 
and purge gases, such as oxygen, hydrogen, carbon monoxide, nitrogen, etc., the pipeline (615) 
for TMS flow, and the pipeline (630) for nitrogen gas flow. The pipeline (605) is made of, e.g., 
stainless steel. 

[0197] 

The pipeline (605) feeding vanous gases (for simplicity, the gas feed source not shown) 
is fitted, from the top, with the valves (606,-606 9 ) and mass flow controllers (607,-607 9 ). 

[0198] „ J L ... 

The pipeline (605) is connected to a sapphire tube (611) via valve (608) and the fitting 

(609), and the sapphire tube (611) is connected to the vacuum chamber (601) via the fitting 

(612). 

[0199] 

The pipeline (605) is connected to the ozonizer (653) via the valves (651 , 652). When the 
ozonizer is used, the valve (608) is closed, and the raw material gas is fed to the ozonizer (653) 
via the valve (65 1 ). The ozone-containing gas is fed to the pipeline (605) via the valve (652). 

[0200] 

The raw material gas fed to the ozonizer (643) [sic; 653] is preferably oxygen gas, 
oxygen gas m.xed with nitrogen gas, or a mixed gas of oxygen gas and carbon d.ox.de gas. 

(02011 A discharge electrode (610) for plasma generation by m.crowave discharge is installed in 
the middle of the sapphire tube (61 1) (for simplicity, the microwave power source and 
microwave supply system are not shown). 
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[0202] 

A light source (654) for stimulating the gas passing through the sapphire tube (611) may 
be installed near the tube. For example, for stimulating the electronic state of the passing gas, the 
stimulating light is preferably UV light. 

[0203] 

The pipeline (6 1 5) feeding TMS (for simplicity, the TMS feeding source is not shown) is 
connected to the vacuum chamber (601) via the valve (616), mass flow controller (617), valve 
(618) and stainless steel pipeline (619). The mass flow controller (617) may be replaced by a 
needle valve if it is capable of accurate flow control. 

[0204] . 

The nitrogen gas flowing through the pipeline (630) (for simplicity, the nitrogen gas feed 

source is not shown) restores the vacuum chamber (601) to ambient pressure for loading and 
unloading the silicon substrate (604) and also controls the pressure inside the vacuum chamber 
(601) for shortening the warming time of cooled silicon substrate (604) to room temperature. 
This nitrogen gas may be allowed to flow for pressure control during deposition of the insulation 
film. 

[0205] 

The pipeline (630) is connected to the vacuum chamber (601) via the valve (631), mass 
flow controller (632), valve (633) and pipeline (634). 

[0206] 

Inside the substrate support table (603) are embedded copper pipes (635, 635') [the 
copper pipe (635) is at the gas feeding side, while the copper pipe (635') is at the gas outlet side] 
for cooling and temperature retention of the substrate, and the copper pipe (635) is connected to 
feeding devices for cold nitrogen and nitrogen gas at room temperature (for simplicity, the 
nitrogen gas cooling device and feeding device are not shown). 

[0207] 

A sheathed heater (636) is installed as the heat source for heating (for simplicity, the 
power source is not shown) in the substrate support table (603), and the substrate (604) can be 
heated to a desired temperature by this sheathed heater (636). 
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[0208] 

The vacuum chamber (601) has a double wall structure fitted with a heat source (641) for 
heating the wall surface and a thermal insulator (642) (for simplicity, the power source is not 
shown) for uniform gas temperature distribution inside the vacuum chamber (601). 

[0209] 

Inside the vacuum chamber (601) are installed a light source (655) and microwave 
generation power source (656) to be used in the process for increasing the viscosity near the 
insulation film surface. An IR source of wavelength 2.6-3.3 urn, UV source of wavelength 
142-308 nm or any light source for increasing the substrate temperature at a high rate is 
effective for the light source (655). The light source (655) and microwave generate electrode 
(656) may be used alone or in combination with any number of light sources and m.crowave 
generation electrodes. 

[0210] ,. ... 

Next, the method for insulation film formation of the present embodiment is explained 

based on actual operation, using Figures 8 and 9. 

[021 11 First ambient pressure is restored in the vacuum chamber (601) and then a substrate 
(604) is loaded on the substrate support table (603). It is also possible to use a preliminary 
chamber with a vacuum via a gate valve at a side of the vacuum chamber (601), such that a 
substrate can be transported automatically using a robot arm. The substrate (204) has, e.g., 
wiring (703,-703 3 ) as shown in Figure 9(a). 

[02121 The vacuum chamber (201) [sic; 601] interior is evacuated to a degree of vacuum via the 
exhaust opening (602). The degree of vacuum reached is higher than 1 x 10 ton. 

[02B1 Next by flowing cold nitrogen gas from the copper p.pe (635) to the copper pipe (235'), 
[sic; 635'] the substrate (204) is cooled. The temperature of the substrate support table (603) is 
set at -100-25°C, and the substrate temperature reaches -80-25°C. 
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[0214] 

After confirming that the substrate temperature is stabilized to the desired temperature, 
the TMS mass flow controller (617) is set at 1-100 cmVmin, and the valves (616, 618) are 
opened to let the TMS into the vacuum chamber (601). 

[0215] 

Next, the oxygen (0 2 ) mass flow controller (607 7 ) is set at 1-1000 cm 3 /min, and the 
valves (606 7 , 608) are opened to let the oxygen gas into the vacuum chamber (601). 

[0216] 

At this time, the vacuum chamber (601) inner pressure can be set at 10 mtorr-500 torr by 
changing the flow of the exhaust outlet (602), namely, by the TMS partial pressure of 2-200 torr 
and oxygen partial pressure of 2-400 torr. 

[0217] 

After stabilization of the oxygen flow, about 100-5000 W of microwave power is applied, 
causing microwave discharge of oxygen, so that as shown in Figure 9(b), the insulation film 
(704) from the reaction products from the oxygen plasma and TMS is deposited on the silicon 
substrate (704) [sic; 701] to cover the wiring 703 r 703 3 . 

[0218] 

Film formation is terminated in the following manner. 

[0219] 

First, the microwave power is cut off to stop the microwave discharge. 

[0220] 

Next, the valves (616, 618) are closed to stop the feeding of TMS and then the valves 
(6O67, 608) are closed to stop the feeding of oxygen. 

[0221] 

The feeding of nitrogen gas flowing from the copper pipe (635) to the copper pipe (635') 
for cooling is stopped and nitrogen gas at room temperature is allowed to flow instead. 
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[0222] 

At this time, the mtrogen mass flow controller (632) is set at 1-10 L/min and the valves 
(631 633) are opened to let nitrogen gas into the vacuum chamber (601) from the pipeline (634), 
allowing the vacuum chamber (601 ) interior to almost reach ambient pressure, and the s.hcon 
substrate is allowed to reach room temperature. 

[0223] 

Finally the vacuum chamber (601) interior is returned to ambient pressure, and the 
silicon substraie (604) is taken out. If needed, another silicon substrate is supported on the 
substrate support table (603). With this, one cycle of interlayer insulation film formation process 

is finished. 

For the above insulation film (704) formation, typical process conditions are, e.g., TMS 
flow of 20 cm 3 /min, oxygen gas flow of 200 cmVmin, deposition environment pressure of 
0 2 torr microwave discharge output of 200 W, and substrate temperature of-30°C, with a 
deposition speed for the insulation film (301) [sic; 704] of about 0.5 um/m,n. 

102251 Here at a discharge time of 40 mm, the insulation film (704) is formed in a thickness of 
2 un , This insulation film (301) has a viscosity below 10,000 cP and is soft enough for easy 
penetration by tweezers. 

[02261 Next as shown in Figure 9(c), a through hole (706) is opened for the wiring (703 2 ) in the 
insulation fi.m (704) and then, e.g., by the method explained below, viscosity only m the region 
near the surface of the insulation film (704) is increased. 

[0227) First, the substrate (704) is placed in the vacuum chamber (601 ) of the apparatus shown 

in Figure 8. 

[02281 Next e g the hydrogen gas flow is set at 1 50 cmVmin by the mass flow controller 
( 607 6 ) the valve (606 6 ) is opened, 200 W high-frequency waves are apphed to the discharge 
I JL (610), hydrogen plasma is introduced into the vacuum chamber (601) via the sapphire 
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tube (611), and the substrate (704) is heated ,o, e.g., 300°C by the heater (636). By doing this, 
the substrate (704) is exposed to a hydrogen plasma environment for, e.g., 10 mm. The inner 
pressure of the vacuum chamber (601) is set at, e.g., 1 ton. 

[0229] „ , . 

Next for cooling the substrate (704), nitrogen gas is allowed to flow from the copper 

pipe (635) to the copper pipe (635') while nitrogen gas is introduced into the vacuum chamber 
(601) from the pipeline (634) similarly as before. After the substrate temperature reaches room 
temperature, the substrate (704) is taken out of the vacuum chamber (601). 

[02301 The insulation film (704) has its viscosity in the region near the surface increased to 
above 10,000 cP and is hard enough to resist penetration from a pair of tweezers. 

t023l] Finally, as shown in Figure 9(d), the w.nng (703 2 ) at the bottom 
is cleaned by a suitable means, the metal wiring (705) is formed on the insulation film (704) by 
mag netron sputtenng method, followed by processing of the metal layer by light exposure an 
reactive ion etching to form the wring (705) that is electrically connected to the wring (703 2 ). 

[0232] Cross sections of the semiconductor dev.ce formed by the method of this embodiment 
and of a semiconductor device formed by conventional technology without the viscosity increase 
treatment in the near-surface area of the insulation film (704) are examined by scanning electron 

microscope (SEM). 

As a result, as shown in Figure 9(d), for .he semieonduc,„r device of , his embodimen., 
fee .op surface and s.de wall of .he through ho,e (706, of .he insula.ion f,,m (704, exh.bu a good 
Z *>* 0.1 n, from .he surface of .he i„su,a,,on film (704, and abo„, 0.05 un . from 
,he side wall of .he .hrough hole (706), s,eep in.erfaces of viscosi.y change are observed. The 
groove be,we=n ,he wiring and ,hc wiring s.ep are filled wifeou, voids ,0 ,he edges w„h ,h. 
insulation film (704). 
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On the other hand, in the semiconductor device prepared by conventional technology, 
whi.e the groove between the winng and the w.nng step are filled without voids to the edges 
with the insulation film (704), the surface of the insulation film (704) and the s>de wa.l of the 
through hole (706) show fine surface undulations, due to not having had a surface viscosity 
increase treatment. Also, due to the low viscosity of the insulator itself, changes are observed in 
the shape of the through hole (706). 

[0235] 

Electric property tests of the semiconductor device of this embodiment and the 
semiconductor device of conventional technology shows that the wiring lifettme of the 
semiconductor device of this embodiment is about .0% longer than the hfetime of the 
semiconductor device of conventional technology. 

102361 This difference is due to deterioration in the semiconductor device of conventional 
technology. For example, the plasma used in the sputtering method such as the magnetron 
sputtenng method, etc., causes undulations on the surface of the insu a ion ilm 04 the 
lavage of chemical bonds of the constituting molecules of the insulation film (704) causes 
ieakagi current; and the deformation of the through ho.e (706) results in poor winng contact. 1. 
1 ha, in ,h case of this embodiment, such problems can be suppressed by the viscosity 
ncrease treatment of the region near the surface of the insulation film (704). Such effects of 
shape improvement of the insulation film on the enhanced reliability of the winng can be 
expected to be very significant as semiconductor devices are made smaller. 

102371 FO, companson of the film ouahties of insulation films of conventional technology and 
insulation films formed according to the method of , his embodiment, the insulation fi.ms are 
formed on silicon substrates with a flat surface. 

t 

[02381 Namely insulation films (viscosity below .0,000 cP) are formed by the known CVD 

position mid. And msu.at.on films that are formed by a simi.ar CVO 

suLad to the v,scos,ty increase treatment as described above for a long period of tune so that 

subj ed , . . w , a ooo c p) are obtained with the viscosity of a large region of 

insulation films (viscosity above 10,000 cf) are odwih 

the films being increased. 
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[0239] 

These films are subjected to transmission Fourier-transformation IR spectral analysis, 
atomic composition ratio analysis by a combination of a we. chemical method, atomic absorption 
analysis, mass analysis, etc., and water absorption tests. All films have comparable film quaht.es 
within the detection precision. 

[0240] 

The main absorption peaks observed in the IR spectral analysis are an S.-O-Si stretching 
vibration peak and an Si-CH 3 stretching vibration peak. The peak intensity ratio of the Si-CH 3 
peak to the S.-O-Si peak is 10-50% in all insulation films. In all insulation films that are prepared 
with a low degree of vacuum in the vacuum chamber (201) , H 2 0 absorption peaks are observed. 
Thus, it is better for the degree of vacuum of the vacuum chamber (201) be made as high as 
possible. In the wet chemical method, the entire insulation film on the silicon substrate is 
dissolved and evaluations are made by atomic absorption, mass spectrometry, etc., showing that 
the C to Si composition rat.o is from 1 . 1 : 1 to 20: 1 , so in all insulation films, the C content » 
higher. 

[0241] 

The water absorpt.on test shows that all insulat.on films exhibit no water absorpt.on 
allowed to stand in the atmosphere for 2 days. For .nvest.gat.ng thermal stability, the samples are 
heated in a vacuum atmosphere to 650°C, and the released gases are evaluated by mass 
spectrometry, showing that up to 300°C, some H 2 0 is detected, but after that, from 300-600°C, 
while peaks related to C and H are detected, no H 2 0 peak is detected. 

[0242] 

From these results, it has been learned that the properties of the overall film do not 
change very much if insulation films that are formed by the deposition CVD method are 
subjected to the viscosity increase process for only the region near the surface. 

[0243] 

Namely, the excellent propert.es such as a low dielectric constant and low moisture 
absorption possessed by insulation films that are formed by a conventional deposition CVD 
method are not diminished if the films have been subjected to the viscosity increase treatment for 
the region near the surface. Rather, when the viscosity increase treatment is earned out, 
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intermodular bonding in the region near the film surface is strengthened, and as a result, a 
further decreased dielectric constant and mo.sture absorption of the film can be realized. 

[07.44] 

The high viscosity only in the region near the surface of the insulation film with retention 
of low viscosity in the interior of the insulation film is extremely preferred for insulation films 
between wiring (interlayer insulation film). The high viscosity in the region near the film surface 
contributes to the stabilization of the shape and position of through holes such as through holes, 
etc that are opened selectively in insulation films. Also, in the process for forming metal winng 
layers by sputtenng, such as by magnetron sputtering, after the insulation film formation, 
damage to the insulat.on film by the sputtering plasma can be avoided along with leakage current 
generation between wiring that is separated by the insulation film. 

[0245] , , 

On the other hand, the low viscosity of the insulation film interior eliminates concern that 

the insulation film may impart stress to the winng below, improves the step coverage and the 

flatness of the insulation film surface, and prevents wiring breakage by stress migration. 

[0246] . . 

As described above, subjecting insulation films that are formed by a deposition C\ D 

method to the v.scos.ty increase treatment only in the region near the surface results in a low 
dielectric constant, low moisture absorption and also good step covering properties and » a very 
effective means for obtaining insulation films that are resistant to deformation and damage by 
plasma, etc. 

[0247] 

Various modifications are possible for the embodiment, as shown below. 

For example the viscosity increase treatment only in the region near the surface of the 
insulation film (704) may be earned out before removal of the substrate (701), which has been 
subjected to the depos.tion of the insulation film (704) by a deposition CVD method, from the 
chamber By carrying out this viscosity increase treatment, any changes in the shape and position 
of the through hole (706) from deformation of the insulation film (704) can be effectively 
prevented in the process for opening the through hole (706) in the insulation film (704). 
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[0249] „ w _ 
Also it is preferred after deposition of the .nsulation film (704) by a deposition CVD 
method that the viscosity increase treatment only in the region near the surface of the insulation 
film (704) be earned out continuously without breaking the vacuum. The reasons for domg th.s 
are that when the insulat.on film (704) is exposed to the atmosphere immediately after 
deposits, microparticles and mo.sture are readily adsorbed on the surface of the film that has 
low viscosity, and such microparticles, etc., may have adverse effects on the properties of the 
insulation film (704) and the wiring (706) that is formed subsequently on the msulaUon film. 

[0250] J . . _ _ 

Also it is preferred after deposition of the insulation film (704) by a deposition CVD 

method that the v.scosity increase treatment only in the region near the surface of the insulation 

film (704) be carried out in the same vacuum chamber to prevent deformation of the insulation 

film (704) dunng transport and adsorption of dust inside the manufacturing apparatus. 

[0251] , ... .v. 

In this embodiment, first TMS and oxygen are reacted in the gas phase and then the 

deposition action of the reaction products on the substrate to be treated is utilized (deposit™ 

CVD) The reaction products are considered to be polymerization reaction products of organic 

silanes and oxygen radicals. Similar resu.ts can be obtained with organic silanes other than TMS, 

e g tetraethylsilane, tetramethoxysilane, tetraethoxysilane, hexamethyld.siloxane, 

tetraisopropoxysilane, etc. Besides C,, the oxygen radical source may be compounds having 

oxygen atoms, e.g., ozone, CO, C0 2 , NO, N 2 0, N0 2 , H A H 2 0 2 , etc., which g ,ve similar effects. 

102521 Also in this embodiment, an oxygen radical atmosphere is used for raising the viscosity 
in the region near the surface of the insulation film (704) that is formed by the deposit.on CVD 

method. 

By doing th.s, it seems that reaction of active parts such as side chains, Si- terminal, 
O-term.nals, etc., is induced in the organic s.lane-oxygen radical polymerization product [e.g., 
f Si(R'R : ) 0-] R 1 and R 2 represent side cha.ns] molecules constituting the insulation film 
(704) and thisreact.on results in a polymerization crosslink.ng react.on among the molecules 
that constitute the insulation film or within the constituting molecules, making the insulat.on film 
structure stronger. 
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[0254] s . , . 

Also by intending such crosslinkmg reaction, the lowering of the d.electnc constant 

and moisture absorption of the insu.ation Him, which is required for the insulation films ,n terms 
of semiconductor device technology, is accelerated. 

[0255] When such action is earned out, it is possible to use something other than oxygen radicals 
for raising the viscosity in the region near the surface of the insulation film (704). 

[0256] . . e 

Also as a means that can be used for inducing the crosslinking reaction and for raising 

the viscosity' in the region near the surface of the insulation film (704) that is formed by a 
deposition CVD method, e.g., something that feeds an oxygen-containing active spec.es. similar 
to the oxygen radical, to the region near the surface of the insulation film (704) may be used. 
Examples that can be given are ozone and the plasma of a gas atmosphere of molecules that 

contain oxygen atoms. 

[02571 

Here the molecules having oxygen atoms are, e.g., those composing elements that are 
the same as the elements present in the insulation film (704) (e.g., CO, C0 2 ) or those composing 
elements present in the insulation film (704) that are readily released from the insulation film 
(704) (e.g., NO, N 2 0, N0 2 , H 2 0, H 2 0 2 ). 

[0258] Hydrogen radicals may be used for raising the viscosity in the region near the surface of 
the insulation film (704). It seems that in the molecules constituting the insulation film (704 
[e g [-S,(R'R>)-0-] n : R 1 and R 2 represent side chains], R'-Si and R 2 -S, are cleaved from the 
Si-O network as R'-H and R 2 -H, respectively, and as a result, a reaction is with.n the S.-O 
network wh.ch makes the chemical bonds in the insulation film stronger. 

r(P59] 

It is also possible that for raising the viscosity in the region near the surface of the 
insulation film (704), certain functional groups in the insulation film (704) are subjected to 
vibration stimulation for promotion of the reaction of such groups. To make th.s happen, light 
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that stimulates the OH bond that is present in minute amounts in the insulation film (704) and is 
considered to be a cause for the low viscosity of the film is preferred. 

[0260] 

The light having the effect of viscosity elevation should have a wavelength corresponding 
to the absorption wavelength of the OH bond, namely, IR rays of about 2.6-3.3 um. IR rays of 
wavelength 3.3-3.5 um that stimulate CH bonds considered to be present mainly in the side 
chains R 1 and R 2 also have the effect of raising the viscosity of the insulation film (704). 

[0261] 

Also for raising the viscosity in the region near the surface of the insulation film (704), 
UV irradiation for exciting the electronic state of molecules that constitute the insulation film is 
effective Such effect is especially prominent with UV rays of wavelength 142-308 nm. In this 
case, an excimer lamp is used for the light source, but other light sources can also be used. 

Also, for raising the viscosity in the region near the surface of the insulat.on film (704), 
only the region near the surface of the insulation film (704) may be heated. 

[0263] 

For example, when a substrate on which the insulation film (704) that has a low viscosity 
is exposed to microwaves, water molecules, etc., that are present in a minute amount in the 
region near the surface of the insulation film (704) are heated, so only the region near the surface 
of the insulation film is heated which promotes the crosslinking reaction among the molecules 
that constitute the insulation film (704). 

[0264] , , , 

In this case it is des.rable that the reaction be carried out in an atmosphere that does not 

interfere with the crosslinking reaction, such as an inert gas atmosphere like nitrogen, argon, etc., 
or in a vacuum. It is also possible that active species that contain oxygen atoms, wh.ch are 
generated from a gas atmosphere containing molecules having oxygen atoms by m.crowaves can 
be utilized for promoting the crosslinking reaction. 

[0265] , . 

Also e g a high-speed heating device using IR lamps can be used. In this case, if the 

heating speed is too low, the crosslinking reaction occurs not only on the surface of the 
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insulation film (704) but also spreads in the interior, which will result in adding stress to the 
wiring (703,-703 3 ) under the insulation film (704), and is thus not favored. 

[0266] 

Taking the temperature dependence of specific heat, heat conductivity and the 
crosslinking reaction of the insulation film (704) into account, a heating rate above 10°C/sec is 
required, and a final temperature of about 450-700°C is preferred. To avoid thermal deformation 
of the wiring (703,-703 3 ) after this temperature is reached, it is preferred that the substrate 
temperature be quickly reduced below 450°C and maintained at that temperature. 

[0267] 

In the various methods for raising the viscosity in the region near the surface of the 
insulation film (704) described above, depending on the requirements of raw materials, viscosity, 
extent of viscosity elevation, final viscosity, etc., of the insulation film (704), various process 
conditions such as treatment temperature, gas pressure, gas flow rate, discharge output, amount 
of light, light wavelength, treatment time, heating rate, etc., may be varied appropriately. A 
plurality of treatment methods may be used in combination. 

[0268] 

Figure 8 illustrates a constitution example of an apparatus that can be used for various 
insulation film deposition processes and viscosity increase treatments of the region near the 
surface of the insulation film. However, if needed, only a portion of the apparatus of Figure 8 
may be used. For example, an apparatus containing only equipment used in the viscosity increase 
process for the region near the surface of the insulation film or equipment used in the insulation 
film deposition process can be used. 

[0269] 

While a silicon substrate is used in this embodiment, other substrates such as GaAs, 
ZnSe, SOI, etc., may also be used. 

[0270] 

While a separate apparatus is used for the process for opening the connecting hole 
selectively in the insulation film (704), a series of processes such as insulation film deposition, 
viscosity elevation in the region near the surface of the insulation film (704), connecting hole 
opening, etc., may be carried out in an apparatus capable of carrying out these processes 
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continuously without breaking the vacuum. Such series of processes may also be carried out in a 
single vacuum chamber. 

[0271] 

In the method applied to the insulation film (704) of low viscosity for raising the 
viscosity only in the region near the surface or the side wall of the through hole (706) by 
inducing a crosslinking reaction among constituting molecules in the region near the surface or 
side wall of the through hole (706), if the viscosity elevation occurs deeply into the insulation 
film (704) stress may be exerted on the wiring (703,, 703 3 ) inside the insulation film (704), and 
is thus not favored. 

[0272] 

To avoid possible stress on the wiring (703,, 703 3 ) inside Jthe insulation film (704), a 
relationship of about dmax <0.1 tmax is preferred, wherein tmax is the maximum thickness of 
the insulation film (704) and dmax is the maximum distance from the side wall or the insulation 
film (704) surface that the high-viscosity region of the insulation film (704) extends. 

[0273] 

The dmax that is the maximum extent from the side wall of the through hole (706) or the 
insulation film (704) surface of the high-viscosity region of the insulation film (704) must exceed 
the minimum value needed for preventing deformation of the insulation film (704) and damage 
caused by plasma of the insulation film. Taking the values for saturation of the effects for 
deformation and damage prevention into account, a range of about 10 nm < dmax < 100 nm is 
preferred. 

[0274] 

As a means for realizing a structure with high viscosity in the region near the surface of 
the low-viscosity insulation film (704) (first insulation film) described above, a separate 
high-viscosity insulation film (second insulation film) may be formed instead of raising the 
viscosity in the region near the surface of the insulation film (704). 

[0275] 

In this case, the thickness of the second insulation film does not have to be in the above 
dmax range and can be varied as needed for the design of the semiconductor manufacturing 
apparatus and for the film properties of the second insulation film. It is preferred that the second 
insulation film be formed after the formation of the first insulation film, but before opening of 
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the through hole. Actually, it can be done after open.ng of the through hole. However, in this 
case it is also possible that the second insulation film may be formed at the bottom of the 
through hole. If the th.ckness of the second insulation film that is formed at the bottom of the 
through hole is substantial, a process for reopening of the through hole may be necessary. 

[0276] 

In the process for forming a second insulation film that has higher viscosity than the first 
insulation film, e.g., the deposition CVD method described in this embodiment may be used 
under the process conditions required for raising the viscosity of the insulation film. 

[0277] 

More specifically, e.g., the flow of oxygen gas is decreased compared with the raw 
material organic silane or the discharge output for generating oxygen radicals is raised to 
increase the degree of polymerization of the polymerization reaction products from the organic 
silane and oxygen radicals. 

[0278] 

While for the process for forming the second insulation film, tetraethoxysilane 
(TEOS)-ozone method is used, a process for polymerization of organic materials used for 
forming polymer films may also be used. 

It is preferred that the process for forming the second insulation film after the process for 
forming the first insulation film be done continuously without breaking the vacuum. If the 
substrate is exposed to the atmosphere immediately after the formation of the first insulation 
film micropariicles and moisture are easily adsorbed on the surface of the film with low 
viscosity, and they may have adverse effects on the insulation film properties and wiring formed 
subsequently on the film. 

[0280] ' . . . 

After the formation of the first insulation film, it is preferred that the process for forming 

the second insulation film be earned out in the same vacuum chamber for prevention of 
insulation film deformation during transport or adsorption of dust present ms.de the apparatus. 
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[0281] 

The process for raising the viscosity in the region near the surface of the first insulation 
film [insulation film (704)] may be carried out after the formation of the first insulation film by a 
deposition CVD method but before the process for forming the second insulation film. 

[0282] 

While the case of using a deposition CVD method is explained in this embodiment, 
methods for forming low-viscosity insulation films other than the deposition CVD method can 
also be used. Properties such as low dielectric constant, low moisture absorption and low 
viscosity required for the insulation films are based on requirements such as high-speed response 
of circuits, low thermal stress, effective step coverage, etc. 

[0283] 

It is especially necessary that a low-viscosity insulation film be formed on the substrate to 
counter problems of step coverage, thermal stress and surface flatness. It is an object of the 
present invention that by forming a structure having high-viscosity only in the region near the 
surface of such a low-viscosity insulation film, the characteristics of low dielectric constant, low 
moisture absorption, low viscosity in the insulation film interior, etc., can be maintained, while 
resistance to film damage and processing precision can be enhanced. 

[0284] 

However, the present invention is not limited to the embodiments described above. For 
example, while the present invention is explained for cases related to interlayer insulation films 
in the above embodiments, the present invention can also be applied to protective insulation 
films (passivation films). 

[0285] 

In this case, as shown in Figure 10, when the protective insulation film (805) is present in 
a large area near the edge of a bonding pad or peripheral circuits, in forming the wiring (803) by 
patterning of the Al alloy film, dummy pillars (806) of Al alloy film may be formed, and the 
protective insulation film (805) is formed, e.g., by a method similar to that used for the interlayer 
insulation film (204). 
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[0286] 

For the dummy pillars (806), a film of insulation material different from the silicon 
dioxide film (804) descnbed above, e.g., silicon dioxide film by a plasma CVD method or a 
silicon nitride film may be used. 

[0287] 

By doing this, problems of deformation of the protective insulation film (805) by pressure 
exerted on the wiring (803) in the process for bonding, etc., can be prevented. The figure shows 
silicon substrate (801) and connecting hole (through hole) (807). 

[0288] . 

Similar results may be obtained by hardening the surface of the protective insulation film 

(805) at a low temperature below 300°C, instead of forming the dummy pillars (806). 
[0289] 

Effect of the invention 

According to the present invention described above, insulation films can be realized 

which fill fine regions with a precise shape. 

Brief description of the figures 

Figure 1 is a schematic diagram illustrating the approximate constitution of a 
semiconductor manufacturing apparatus used in the first embodiment of the present invention. 

Figure 2 is a schematic diagram illustrating the approximate constitution of a nitrogen gas 
feeding apparatus. 

Figure 3 is a process cross section diagram illustrating a manufacturing method of a 
semiconductor device of the second embodiment of the present invention. 

Figure 4 is a schematic diagram illustrating the approximate constitution of a 
semiconductor manufacturing apparatus used in the third embodiment of the present invention. 

Figure 5 is a process cross section diagram illustrating a manufacturing method of a 
semiconductor device of the third embodiment of the present invention. 

Figure 6 is a diagram illustrating a basic relationship of thicknesses of an insulation film. 

Figure 7 is a process cross section diagram illustrating a manufacturing method of a 
semiconductor device of the fourth embodiment of the present invention. 

Figure 8 is a schematic diagram illustrating the approximate constitution of a 
semiconductor manufacturing apparatus used in the fifth embodiment of the present invention. 
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Figure 9 is a process cross section diagram illustrating a manufacturing method of a 
semiconductor device of the fifth embodiment of the present invention. 

Figure 10 is a diagram for explaining a method for preventing deformation of a soft 
protective insulation film of the present invention. 


Explanation of symbols 

1 . . . vacuum chamber 

2 ... exhaust opening 

3 . . . substrate support table 

4 ... silicon substrate 

5, 15, 19, 30, 34 ...pipelines 

6,8, 16, 18, 31,33 ...block valves 

7, 17, 32 ... mass flow controllers 

9, 12 ... fittings 

10... cavity 

1 1 ... A1 2 0 3 tube 

35, 35' ... copper tubes 

36 . . . sheathed heater 

41 . . . heat source 

42 ... thermal insulator 
101 ... pipeline 

102, 104, 105, 107, 110 ... block valves 

103 ... mass flow controller 

106, 109 ... branched pipes 

108 ... spiral tube 

111 ... liquid nitrogen reservoir 

112... liquid nitrogen 

201 ... silicon substrate 

202 ... silicon dioxide film 

203 . . . wiring 

204 ... interlayer insulation film 

301 ... vacuum chamber 

302 ... exhaust opening 

303 . . . substrate support table 

304 ... silicon substrate 

305, 315, 330, 334 ... pipelines 


306, 308, 316, 318, 331, 333 ... block valves 

307, 3 1 7, 332 . . . mass flow controllers 
309,312 ... fittings 

310 ... cavity 

311 ... A1 2 0 3 tube 

319 ... stainless steel pipeline 
335, 335' . . . copper pipes 

401 ... silicon substrate 

402 ... silicon dioxide film (first insulation film) 

403 . Al alloy wiring 

404 . . . groove between wiring 

405 ... insulation film (second insulation film) 

406 ... Si0 2 film (third insulation film) 

501 ... silicon substrate 

502 ... silicon dioxide film (first insulation film) 

503 ... Al alloy wiring 

504 . . . groove between wiring 

505 ... insulation film (second insulation film) 

506 ... Si0 2 film (third insulation film) 

601 ... vacuum chamber 

602 ... exhaust opening 

603 ... substrate support table 

604 ... silicon substrate 
605,615, 630, 634 ... pipelines 
6O61-6O69 ... valves 

608,616,618/631,633,651,652 ... valves 
607 r 607 9 , 617, 632 ... mass flow controllers 
609, 612 ... attachments 

610 ... plasma generation discharge electrode 

611 ... sapphire tube 

619 ... stainless steel pipeline 

635, 635 1 . . . copper pipes 

636, 641 ... heaters 
642 ... thermal insulator 
653 ... ozonizer 

654, 655 ... light sources 
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656 . . . microwave generation electrode 

701 ... silicon substrate 

702 .... silicon dioxide film 

703 1-7033 ... wiring (first electrically conductive film) 

704 . . . insulation film 

705 . . . wiring (second electrically conductive film) 

706 . . . connecting hole 
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